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Instructions to Authors 


1. Prior Publication 


Submission of a manuscript to the Editors involves the tacit assurance that no 
gmilar paper, other than an abstract or preliminary report, has been, or will be, 
gbmitted for publication 


2. Form and Style of Manuscript 


Manuscripts should be typed with triple spacing throughout, and only the 
original copy should be submitted. Before being mailed to the Managing Editor, 
gill errors in typing should be corrected, and the spelling of proper names and of 
words in foreign languages, the accuracy of direct quotations, and the correctness 
of analytical data, as well as of numerical values in tables and in the text, should 
be carefully verified by the author. Care in grammatical construction is essential; 
vague, obscure, or ambiguous statements must be avoided. As the Journal is 
read by chemists in foreign countries, technical neologisms and “laboratory slang”’ 
should not be used; when unavoidable, such terms should be defined. Variations 
from standard nomenclature and all arbitrary abbreviations should be explained. 
The forms of spelling and abbreviation used in current issues of the Journal should 
be employed, and for chemical terms the usage of the American Chemical Society 
as illustrated by the indexes of Chemical Abstracts should be followed. Separate 
sheets should be used for the following: (a) title page, (b) bibliography, (c) foot- 
notes, (d) legends for figures, (e) tables, (f) other inserts. All, except the title 
page, should follow the text, and the sheets should be numbered consecutively with 
it. The title page should carry the title of the paper, the authorship, and the 
name of the institution or laboratory of origin. 


3. Title 


The title should be as short as is consistent with clarity; in most instances two 
printed lines are adequate to give a clear indication of the subject matter of the 
paper. The title should not include chemical formulas, but chemical symbols may 
be used to indicate the structure of isotopically labeled compounds. A running 
litle should be provided (not to exceed 38 characters and spaces). 


4. Organization of Manuscript 


~ Adesirable plan for the organization of a paper is the following: (a) introductory 
statement, (b) Experimental (or Methods), (c) Results, (d) Discussion, (e) Sum- 
mary, (f) Bibliography. The approximate location of the tables and figures in 
the text should be indicated. 
(2) The introduction should state the purpose of the investigation and its rela- 
' fion to other work in the same field, but extensive reviews of the literature should 
not be given. A brief statement of the principal findings is helpful to the reader. 
(6) The description of the experimental procedures should be as brief as is com- 
patible with the possibility of repetition of the work. Published procedures, unless 
| extensively modified, should be referred to only by citation in the bibliography. 
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(c) The results are normally presented in tables or charts and should be describe 
with a minimum of discussion. 

(d) The discussion should be restricted to the significance of the data obtained 
Unsupported hypotheses should be avoided. 

(e) Every paper must conclude with a brief summary in which the essential result 
of the investigation are succinctly outlined. 

(f) The bibliography should conform in all details to the style used in current 
issues of the Journal. In the case of books, the author’s name with initials, the 
title in full, the place of publication, the edition if other than the first, the page 
and the year of publication should be cited, in this order. Responsibility for the 
accuracy of bibliographic references rests entirely with the author; all should be 
confirmed by comparison of the final manuscript with the original publications. 
References to ‘‘unpublished experiments,” ‘‘personal communications,” etc., must 
be given in foot-notes, and not included in the bibliography. References to papers 
which have been accepted for publication, but have not appeared, should be cited 
like other references with the abbreviated name of the journal followed by the 
words “in press.” It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct bearing on the paper 
whose publication is requested. 


&. Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be made by the use 
of formulas when these can be printed in single horizontal lines of type. The 
use of structural formulas in running text should be avoided. Chemical equa- 
tions, structural formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural formulas or mathe- 
matical equations which cannot conveniently be set in type should be drawn in 
India ink on a separate sheet in form suitable for reproduction by photoengraving 
(example, J. Biol. Chem., 181, 56 (1949)). 


6. Tables 


For aid in designing tables in an acceptable style, reference should be made to 
current issues of the Journal. A table should be constructed so as to be intelligible 
without reference to the text. Only essential data should be tabulated. Every 
table should be provided with an explanatory caption, and each column should 
carry an appropriate heading. Units of measure must always be clearly indicated. 
If an experimental condition, such as the number of animals, dosage, concentration 
of a compound, etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in the text or in a statement accompanying the table, and 
not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data should be avoided, 
and, whenever space can be saved thereby, statistical methods should be em- 
ployed by tabulation of the number of individual results and the mean values with 
their standard deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two groups of data should 
be accompanied by the probability derived from the test of significance applied. 
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Only in exceptional cases, the necessity for which must be clearly demonstrated, 
may the same data be published in two forms, such as a table and a line figure. 


7. Illustrations 


The preparation of illustrations is particularly important, and authors are re- 
quested to follow carefully the directions given below. In case of doubt, the 
Editorial Office will gladly supply specific information. 

It is helpful to the Editorial Office if all charts and drawings are submitted on 
sheets 84 by 11 inches in size. Large size drawings or those much smaller than 
manuscript sheets are difficult to handle. 

Charts should be planned so as to eliminate waste space, yet be provided with 

sufficient margin for labeling and for instructions about reproduction. Curves 
that can be placed on one chart without undue crowding should not be given in sepa- 
rate charts. The drawings should be made on Bristol board, blue tracing cloth, 
or on coordinate paper printed in light blue. Mounting on heavy cardboard is 
undesirable. Photoengravings made from photographic prints are inferior to those 
prepared from the original drawings, which should, therefore, be submitted when- 
ever possible. If it is necessary to submit photographic prints, because of the 
excessive size of the originals, these should be carefully prepared. All parts of the 
chart should be in even focus, and rules and lettering should be fairly thick, as well 
as large enough for the necessary reduction. When oversized original drawings 
are submitted, a set of small photographic prints is convenient for the use of ref- 
eres, 
All charts should be ruled off on all four sides close to the area occupied by the 
curves, and descriptive matter placed on the ordinate and abscissa should not 
extend beyond the limits of these rules. Black India ink should be used through- 
out. Letters and figures should be uniform in size and large enough so that no 
character will be less than 2 mm. high after reduction (maximal page width 44 
inches). 

The scales used in plotting the data should be indicated by short index lines 
perpendicular to the marginal rules of the drawing on all four sides, unless more 
than one scale is used on the ordinates, at such intervals that interpolation will 
permit reasonably accurate evaluation of experimental points. Points of observa- 
tion should be indicated by symbols drawn with instruments. The significance 
of the symbols should be explained on the chart or in the legend. If they are not 
explained on the face of the chart, only standard characters, of which the printer 
has type, should be employed (X, O, @, 0, @, A, A, ©). 

Photographs submitted for half-tone reproduction should be printed on white, 
glossy paper. The cost of half-tone reproductions will be charged to the authors. 

Each chart, graph, or illustration should be clearly identified, on the margin, 
with the authors’ names and the number of the figure. Each must also be ac- 
companied by an explanatory legend. 


8. Proof-Reading 


Authors are responsible for the reading of galley and page proof. The cost of 
changes, other than correction of printer’s errors, will be charged to authors. 
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9. Reprints 


Reprints will be issued only when ordered by authors. When they are to be 
charged to an institution, an official purchase order must be supplied in addition 
to the order form submitted with the proof. All orders, including the purchase 
orders, must be sent to the Editorial Office of the Journal. The total number of 
reprints must be ordered when galley proof is returned to the Editorial Office. Re. 
prints are made at the time the Journal is printed and the type is destroyed at once. 
Therefore, additional reprints cannot be supplied after an issue of the Journal is 
printed except by a photo-offset method. The cost of such reproduction is many 
times greater than that of reprints printed from the original type. 
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CORRECTION 


In Equation 8, page 335, Vol. 197, No. 1, July, 1952, the last member under the 
radical sign should be raised to the second power: 


P) + K — (total Mg))? 
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CONVERSION OF GLUCOSE TO AMINO ACIDS BY BRAIN AND 
LIVER OF THE NEW-BORN MOUSE* 


By RICHARD J. WINZLER,t KIVIE MOLDAVE, MAX E. RAFELSON, JR.,{ anp 
HAROLD E. PEARSON 


WITH THE TECHNICAL ASSISTANCE OF DorotTHy LAGERBORG 


(From the Department of Biochemistry and Nutrition and the Department of Medical 
Microbiology, University of Southern California School of Medicine, and the 
Los Angeles County Hospital, Los Angeles, California) 


(Received for publication, April 28, 1952) 


In previous studies, 1 day-old mouse brain incubated with uniformly 
labeled C'4-glucose was shown to incorporate significant amounts of radio- 
activity into the “protein” fraction (1). All of the non-essential amino 
acids except proline and all of the essential ones except threonine were 
radioactive and had roughly comparable specific activities (2). The turn- 
over was of such a magnitude as to indicate that 5 to 12 per cent of the 
protein-bound amino acids were replaced with amino acids derived in part 
or in whole from glucose (2, 3). Thus, relatively extensive formation of 
essential amino acids in this system was indicated. The incorporation of 
uniformly labeled glucose into the protein-bound amino acids of certain 
other mouse tissues has now been investigated in vitro and in vivo in or- 
der to determine whether such turnover occurs generally. 


Methods 


Preparation and Incubation of Tissues—Minced tissues used in the studies 
in vitro with the 1 day-old mouse were incubated with uniformly labeled 
C'-glucose, as described previously (1, 2). The contents of ten to fifteen 
flasks containing approximately 0.5 to 1 gm. of tissue were pooled for each 
chromatographic experiment. In one experiment the brain of an adult 
mouse weighing 20 gm. was similarly treated. Tissues for the studies in 
vivo were obtained from three to eight 1 day-old mice (litter mates) injected 
intraperitoneally with 0.025 ml. of a solution, containing 40 mg. per ml. 
of C'-glucose, every 3 hours for 24 hours. The mice were left with their 
mothers during the 24 hours. Radioglucose of the same specific activity 
(436,000 c.p.m. per mg.) was used in the experiments in vitro and in vivo. 

Fractionation of Tissue and Analysis of Amino Acids—The “protein” 


* This investigation was supported by a Research Grant from the National Cancer 
Institute of the National Institutes of Health, United States Public Health Service. 

t Present address, Department of Biological Chemistry, University of Illinois 
College of Medicine, Chicago, Illinois. 

t Present address, Wenner-Grens Institute, Stockholm, Sweden. 
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fraction was isolated as described previously (1, 4) and was hydrolyzed 
and chromatographed on columns of starch (2) or on Dowex 50 columns 
according to the procedures of Moore and Stein (5). Fractions of 2 ml. 
were collected by means of an automatic fraction collector. Each tube 
was then spot-tested for amino acids by drying 0.02 ml. on Whatman No. | 
filter paper, dipping the paper in 33 per cent propanol (by volume) buffered 
at pH 5 with 0.2 citrate, and heating. The fractions corresponding to 
each amino acid and intervening valleys were pooled, and the amino acid 
and radioactivity determined in aliquots as previously described. One- 
dimensional chromatography with water-saturated phenol was carried out 
on most fractions to establish the identity and purity of the amino acids. 

Radioactivity in samples eluted from the resin columns containing low 
amounts of activity was difficult to measure because of the self-absorption 
due to large amounts of solids in the eluting solutions. To eliminate this 
difficulty the salts were removed almost quantitatively by passing aliquots 
of the individual amino acids through acid cycle Dowex 50 resin columns 
2 cm. in length and 0.7 cm. in diameter at pH 2, washing with 0.01 n HCl 
followed by distilled water, and eluting with 1 Nn NH,OH. Most of the 
ammonia was removed by adding a small amount of alkali and twice evap- 
orating the solution to half its volume in a boiling water bath under a 
stream of air. Recoveries of all the amino acids were quantitative from 
this short desalting column. 


Results 


Table I summarizes data for the amounts and specific activities of amino 
acids of 1 day-old and adult mouse brain “protein” hydrolysates from 
exposure in vitro and in vivo to C'4-glucose for 24 hours. The vertical 
columns represent completely independent experiments. Certain amino 
acids were not resolved, particularly in the system employed for separation 
on starch, and in these situations the amounts and activities of the two 
amino acids are combined as indicated. However, agreement in amount 
and specific activity of each amino acid is sufficiently good to suggest that 
the results by either separation method are valid. 

As was previously reported (2), incubation of 1 day-old mouse brain 
with C'*-glucose zn vitro results in the appearance of radioactivity in roughly 
comparable amounts in all of the amino acids except proline and threonine. 
In the experiments tn vivo, however, mouse brain took up radioactivity from 
glucose most extensively into certain of the non-essential amino acids, 
especially aspartic acid, glutamic acid, and alanine. Some radioactivity 
appeared to be associated with most of the essential amino acids as well, 
but the amount was low relative to the system in vitro, except in histidine 
in which incorporation was high both in vitro and in vivo. Proline and 
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TABLE I 


Concentrations and Specific Activities of ‘‘Protein’’-Bound Amino Acids of Mouse 
Brain Exposed to C'4-Glucose 
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d Amino acid 

Aspartic acid 

t 

Cystine 

Glycine 

n 

Histidine 

Lysine 

Proline 

) 
Serine 
Threonine 


Glutamie acid 


Alanine 


Valine 


Methionine 


Arginine 


Ammonia 


Leucine 


Isoleucine 


S.a. 
uM 
S.a. 
uM 
S.a. 
uM 
S.a. 
uM 
S.a. 
uM 
S.a. 
uM 
S.a. 
uM 
S.a. 
S.a. 
S.a. 
uM 
S.a. 
MM 
S.a. 
MM 
S.a. 


S.a. 


1 day old 
In vitro In vivo 
Starch* 
Starch* |Dowex Starch* Starch* Dowex 
19.1 19.5 19.3 18.9 22.4 | 22.2 
5370 4860 2390 3300 1650 3250 
11.9 12.5 12.1 12.0 
2790 | 1010 1190 1300 | 360 , O 
19.9 20.3 20.1 20.3 20.7 22.1 
2690 2100 1130 1350 600 640 
16.2 14.8 16.4 16.2 17.1 18.2 
1370 810 1480 1540 700 0 
32.8 33.2 32.1 33.0 32.2 31.2 
910 400 140 150 50 0 
35.3 34.3 34.6 36.1 33.7 32.4 
0 0 0 0 1) 0 
20.7 19.7 21.2 21.0 20.7 21.3 
2610 1500 710 820 1020 920 
21.3 20.9 21.6 21.8 19.5 21.8 
0 0 0 0 
23.0 20.8 
4560 2780 
30. 6| 31.2|| | 31.0} 30.6] 
3090 1600 1900 1850 
10.6 12.6 
1830 1850 
12.3 15.0 
200 110 
30.3]| 31.8! | 30.5] 28 
1690 180 150 730 
15.7 18.6 
2440 60 
10.8 13.2 
1410 290 
17.7] 17.9]| | 17.1] 17.5]| 
2360 1230 1440 400 
(12.5 16.4 
| 0 OQ | 
20.3 
| 2090 | 90 | 
31.0] | 30.9] | 37.3] 
3380 145 | 


| S.a.§ | 
| pM | 
| S.a. 
| Sua. | 
| 
| MM | 
| | 
| | | 
| : 
| | 
| 
| 
| 
| | 
| d 
| 
| ! 
| | | 
| 
| 
| 
| 
1820. 160 
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TaBLeE I—Concluded 


| 1 day old owe 
aetna | In vitro In vivo 
Starch* 
Starch* Dowex 50t Starch* | Starch* Dowex 50t 
| | 
Tyrosine uM 5.8 | 5.7 | 5.9 
S.a. | 2480 | 0 | O | 0 
| 13.6] | | 
4 | 1280 | | 
Phenylalanine uM | 6.9 | | 6.0 | 5.6 | 5.5 
Sa. 3060 | | 0 


i 


* Chromatography on starch with 2:1 propanol-0.5 nN HCl on columns 30 em. in 
length and 1.3 em. in diameter (Moore and Stein (6-9)). 

t Chromatography on Dowex 50 resin columns (Moore and Stein (5)). 100 em. 
columns eluted with citrate buffers were used till the emergence of leucine at 50°. 
15 cm. columns eluted with citrate and phosphate buffers were used for the analysis 
of aromatic and basic amino acids. 

t Micromoles of amino acid per 100 mg. of ‘‘protein.”’ 

§ Counts of C'™ per minute per micromole of amino acid (calculated at the peak 


for chromatography on starch). 
|| Values for unresolved amino acids. 


threonine contained no radioactivity in vivo or in vitro. Adult mouse brain 
incubated with C'*-glucose under identical conditions resulted in the appear- 
ance of radioactivity only in aspartic acid, glutamic acid plus alanine, 
glycine, serine, arginine, and valine plus methionine. 

Table II summarizes data from 1 day-old mouse liver exposed in vitro 
and in vivo to C-glucose in experiments identical with those carried out 
with mouse brain. One sample of intestine from one of the in vivo experi- 
ments was also hydrolyzed and chromatographed. The data show that, 
with liver or intestine in vivo or in vitro, aspartic acid, glutamic acid, alanine, 
glycine, serine, and arginine account for most of the radioactivity in the 
amino acids. 

It is evident from the data in Tables I and II that the relative incorpora- 
tion in vitro and in vivo of carbon from radioglucose into the amino acids 
of mouse brain and liver is very different. In the studies in vitro with 
1 day-old mouse brain, radioactivity from glucose was distributed among 
all of the amino acids except proline and threonine. Jn vivo, however, all 
of the essential amino acids except histidine had very low specific activities. 
Adult brain incubated in vitro showed no radioactivity in any of the es- 
sential amino acids. In liver or intestine, aspartic acid, glutamic acid, 
and alanine had by far the highest specific activities both in vivo and 
in vitro. 
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TABLE II 


Concentrations and Specific Activities of ‘“‘Protein’’-Bound Amino Acids of 1 Day-Old 
Mouse Liver and Intestine Exposed to C'4-Glucose 


Amino acid 
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acid 
Cystine 
Glycine 
Histidine 
Lysine 
Proline 

_ Serine 
Threonine 


Glutamie acid 


Alanine 


Valine 


Methionine 


Arginine 


Ammonia 


Leucine 


Isoleucine 


Intestine 
In vitro In vivo In vivo 
Starch* Dowex 50t | Starch* 
28.6 | 29.4 26.2 
5020 2780 2130 
9.5 7.8 4.2 
0 0 115 
17.3 16.6 17.5 
370 1870 1730 
11.9 | 8.6 12.6 
80 | 0 0 
Lost | 27.6 20.5 
0) 0) 
18.2 
| 0 0 
18.3 23.6 20.9 
940 1580 670 
24.2 19.0 23.4 
0 0 (0) 
16.7 
4030 
23 .6| 24. 
3430 2030 
12.3 
3220 
21.6 
0 
28 . 4|| 26 .0| 
300 0 
7.4 
160 
12.0 
290 
14.1] 14.5}| 
410 760 
18.0 
0 
29.4 
0 
37 35.2 
110 0 
12.0 


4 
uM} 
S.a.§ 
S.a. 
S.a. | 
S.a. 
uM | 
S.a. | 
uM | 
S.a. | 
uM | 
S.a. | 
uM | 
S.a. | 
S.a. | 
| uM | 7 
| 
| 
| gM 
. 
* 
| 
S.a. | 
S.a. | 
uM | | 
| §S.a. | | 
uM | 
S.a. | 
uM | 
S.a. 
uM 
S.a. | 0 
‘ 
KUM 
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TaBLeE II—Concluded 


| Liver | Intestine 
Amino acid | In vitro In vivo In vivo 
| Starch* | Starch* Dowex 50t | Starch* 
Tyrosine | gM 19.7 | 15.2 | 10.7 
| | 30.11 
| S.a. | 60 
Phenylalanine | uM 14.4 17.4 9.6 
S.a. | 0 200 | 0 


See the foot-notes to Table I. 


DISCUSSION 


It is evident from the data in Tables I and II that the metabolic behavior 
of 1 day-old mouse brain used in our studies is probably not entirely typical 
of other tissues 7n vitro or in vivo. 

The question of how radioactive carbon from glucose may appear in 
amino acids which presumably cannot be synthesized at all or at rates 
commensurate with growth or maintenance is one of considerable impor- 
tance. It is unlikely that the essential amino acids are synthesized de novo 
completely from non-essential precursors, since it has previously been 
shown that half of the radioactivity derived from glucose in tyrosine, 
phenylalanine, and the leucines and all of the radioactivity in lysine are 
located in the carboxyl groups (2, 3). Such results suggest a partial re- 
synthesis from essential and non-essential precursors rather than complete 

de novo synthesis. A suggestion which fits the essential facts may be 
formulated according to the accompanying scheme. According to this 


GLUCOSE > INTERMEDIATES > CO, + H,O+LACTATE 


NON-ESSENTIAL PRODUCTS PRODUCTS 
AA PRECURSORS FROM GHO NOT FROM CHO. 
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NON-ESSENTIAL ESSENTIAL 
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view, protein-bound amino acids are in equilibrium with free amino acids, 
which are in turn in equilibrium with essential and non-essential precur- 
ors, the non-essential precursors being in equilibrium with intermediates 
derived from radioglucose. 

This scheme would result in the appearance of radioactivity from glucose 
in the protein-bound essential amino acids without requiring that these be 
ynthesized completely from non-essential precursors. Such considerations 
vould be in agreement with the experimental results reported here and 
vith the Well established fact that certain essential amino acids are required 
for growth and maintenance, and which, therefore, cannot be synthesized 
de novo to an extent sufficient to support these processes. If the scheme 
is substantially correct, it is subject to experimental verification, since the 
non-essential carbons derived from radioglucose should be adjacent and 
equally labeled. This is being subjected to test in more complete degrada- 
tions of the radioactive essential amino acids than were previously re- 
ported (2). 

The explanation of why such a process might occur more readily in brain 
incubated in vitro may involve the accumulation of intermediates in vitro 
toan extent never achieved in vivo, permitting the reformation of amino 
acids not ordinarily synthesized in the intact animal. A failure of such 
hypothetical intermediates to accumulate in liver or intestine in vitro could 
be an explanation of the absence of radioactivity in the amino acids of 
these tissues. 

The scheme presented suggests that free amino acids are necessary inter- 
mediates between radioglucose and labeled protein-bound amino acids. 
This implication is supported by the unpublished observation that the 
free amino acids of minced 1 day-old mouse brain have an appreciably 
higher specific activity than the protein-bound amino acids following 
incubation with radioglucose. 


SUMMARY 


The incorporation in vitro of radioactive carbon from uniformly labeled 
glucose into the individual protein-bound amino acids of adult mouse brain 
and of 1 day-old mouse brain or liver has been compared to the incorpora- 
tion in vivo of glucose into 1 day-old mouse brain, liver, or intestine. 

The metabolic behavior of 1 day-old mouse brain, especially in the in 
vitro incubations, was found to be unique in that all of the essential and 
non-essential amino acids except proline and threonine were significantly 
labeled. Radioactivity in the other systems was largely limited to aspartic 
acid, glutamic acid, alanine, serine, and glycine. 

The data are indicative that in the 1 day-old mouse brain degradation 
products of amino acids may be in metabolic equilibrium with intermediates 
derived from glucose. This could result in appearance of radioactive 
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carbon from glucose in essential amino acids with no net synthesis of these 
amino acids. The results are, therefore, not necessarily at variance with 
the well established concept of essential amino acids, but do emphasize 
the caution necessary in transferring interpretation from in vitro to in vino 
experiments. 
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NICOTINAMIDE INHIBITION OF TRI- AND DIPHOSPHOPYRI- 
DINE NUCLEOTIDE-LINKED DEHYDROGENASES* 


By SPYRIDON G. A. ALIVISATOSt ann ORVILLE F. DENSTEDT 
(From the Department of Biochemistry, McGill University, Montreal, Canada) 


(Received for publication, May 15, 1952) 


In a previous study on the distribution of diphosphopyridine nucleotidase 
in the rabbit erythrocyte, we found that a nicotinamide-inhibitable DPNase 
is closely associated with the structural components of the cell. On he- 
molysis the enzyme remains firmly attached to the insoluble stroma and 
thus can be completely removed from the hemolysate by centrifugation. 
It was found, further, that the enzyme is largely confined, in its distribu- 
tion, to the outer surface of the cell membrane. DPN,! added to a suspen- 
sion of red cells in the stroma-free hemolysate or to a stroma-containing 
hemolysate, is quickly destroyed unless nicotinamide has been previously 
added to inhibit the DPNase. When added to the stroma-free hemolysate, 
on the other hand, DPN remains unchanged (1). 

As anticipated, the lactic, malic, and glucose-6-phosphate dehydrogen- 
ases were found to be present in the soluble fraction of the rabbit hemoly- 
sate (1). Since the DPNase is confined to the stroma, the addition of 
nicotinamide to the stroma-containing hemolysate in amount 2 X 10°? Mm 
which is sufficient to suppress completely the action of DPNase, greatly 
increases the activity of the dehydrogenases. The activity, however, is 
never as great as with the stroma-free hemolysate. The addition of nico- 
tinamide to the latter causes a slight decrease in the activity (1), due 
apparently to the inhibitory action of nicotinamide on the apodehydrogen- 
ases. While this study was in progress, Feigelson et al. (2) reported the 
inhibition of a DPN-linked dehydrogenase (malic) by nicotinamide. 

The present paper is concerned with manometric and spectrophotometric 
studies on the inhibition of TPN- and DPN-linked dehydrogenases by 
nicotinamide. 

EXPERIMENTAL 


Substrates— 
Sodium dl-lactate. Commercial lactic acid was neutralized with sodium 


hydroxide to pH 7.4 and the solution boiled for a few minutes to insure 


* The study is part of a larger research on blood preservation supported by the 
Defence Research Board of Canada. 

t Present_address, Department of pepinecettendiadn New York University College 
of Medicine, New York. 

' Abbreviations used throughout this paper are DPN and TPN, di- and triphos- 
phopyridine nucleotide, and SFH, stroma-free hemolysate. 
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depolymerization of the lactate. The concentration was estimated by the 
method of Barker and Summerson (3) and was adjusted so that 0.2 ml, of 
solution, when brought to a final volume of 2.6 ml. (total volume of liquid 
in the Warburg flask for the experiment), gave a concentration of 0.13 y 
of dl-lactic acid, thus corresponding to 0.065 M sodium /-lactate.? 

Sodium glucose-6-phosphate. The appropriate quantity of the barium 
salt, as purchased from the Nutritional Biochemicals Corporation, was 
dissolved and treated with NaSO, to precipitate the barium. After re- 
moval of the precipitate, the pH of the solution was adjusted to 7.4. When 
this solution was diluted to 2.6 ml. in the Warburg flask, the final concen- 
tration of the sodium salt was 0.01 m. 

Lactic and Glucose-6-phosphate Dehydrogenases—Vhe SFH from rabbit 
erythrocytes, prepared as described in a previous paper (1), is an excellent 
source of the lactic and glucose-6-phosphate apodehydrogenases. To in- 
sure destruction of residual amounts of the coenzymes, DPN and TPN, 
the stroma-containing hemolysate was permitted to stand at room tem- 
perature for 15 minutes prior to removal of the stroma by centrifugation. 
The SFH was then dialyzed against running tap water at 5° for 20 hours. 

DPN—This coenzyme was purchased from the Nutritional Biochemicals 
Corporation and was found to be about 55 per cent pure when assayed by 
the methods described below. 

TPN—tThis coenzyme was prepared from fresh hog liver according to 
the method of LePage and Mueller (4). When assayed by the chemical 
method of Potter, as described by LePage (5), the preparation proved to be 
about 70 per cent pure. The molecular extinction coefficient used in the 
calculation was that given by Horecker and Kornberg (6). Further puri- 
fication was considered unnecessary. 

The coenzyme preparations were assayed by the ferricyanide method of 
Quastel and Wheatley (7) and the SFH, as the enzyme preparation, to 
ascertain the degree of purity of each coenzyme with respect to contamina- 
tion by the other. The ratio TPN: DPN of the activities in terms of the 
Qco, Values for the glucose-6-phosphate dehydrogenase system, with TPN 
and DPN respectively as the coenzymes, was found to be about 260. 

The ratio of the activities, DPN:TPN, for the lactic dehydrogenase 
system was about 90. 

Mehler ef al. (8, 9) reported that pure samples of these coenzymes, when 
tested with crystalline lactic dehydrogenase prepared from beef heart, gave 
a DPN: TPN activity ratio of about 170. With a crude preparation of the 


2 As the d- and I-lactate were present in equal amount, it is conceivable that the 
d isomer may retard the action of the lactic dehydrogenase by competing with the 
{form for the apoenzyme. Since we have not tested this possibility, we have not 
given values for Kisctate in this paper. 
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enzyme they obtained a ratio of about 100. The purity of our preparations 
of coenzymes, therefore, was sufficient for our requirement. 


Procedures 


Spectrophotometric Studies—A model DU Beckman spectrophotometer 
was used with silica cuvettes (d = 1.000 cm.) and slit opening at 0.6 mm. 
The following reaction was studied: 


glucose-6-phosphate dehydrogenase _ 
(inhibitable by nicotinamide) (a) 
6-phosphogluconic acid + TPNH + H* 


Glucose-6-phosphate + TPNt 


The experimental cuvette contained 0.02 ml. of the SFH. This quantity 
of the solution, when taken to dryness, yielded a residue weight of about 
| mg. TPN was used in amounts ranging from zero to 6.66 X 10° , 
sodium glucose-6-phosphate in amounts from zero to 0.05 M. 

The pH of the medium was maintained at 7.4 with barbital-HCl-buffered 
saline. The total salt concentration (NaCl-barbital-HCl) was about 0.154 
u, and of the barbital-HC1] 0.025 m. 

The spectrophotometer was set at 340 my with a “blank” cuvette con- 
taining the same reagents as in the experimental cell, except that water 
was added in place of the coenzyme (TPN) solution. 

The experiments were carried out at 25° and the readings were taken 
immediately before adding the substrate and thereafter at 5 minute inter- 
vals for 20 minutes. The results were expressed as the increase in the 
optical density per minute per mg. of dry residue per ml. of solution (aver- 
age for 15 minute period). 

Manometric Experiments—The ferricyanide method of Quastel and 
Wheatley (7) was used as described in a previous report (1). When the 
method was used for studving the glucose-6-phosphate dehydrogenase sys- 
tem, cyanide was omitted from the medium. 

The reactions studied include that given above (Reaction a) and the 
following: 


6-Phosphogluconic acid — 6-phosphogluconate~ + H* (b) 
TPNH + 2[Fe(CN).J*= — TPN* + 2(Fe(CN),]* + H* (c) 

From (a), (b), and (ec), in bicarbonate buffer: 
3H*+ + 3HCO, — 3CO, + 3H:0 (d) 


When comparing the activities of the two dehydrogenases with the ferri- 
cyanide method, obviously in the case of the glucose-6-phosphate dehy- 
drogenase system only two-thirds of the total volume of CO:2 evolved 
should be considered in the calculation. This adjustment has been made 
in the presentation of the data in Figs. 1 to 7. 
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In comparing the spectrophotometric and manometric methods it is also 
important to bear in mind that in the former procedure the coenzyme, 
once reduced, remains in the reduced form, whereas in the manometric 
procedure the reduced form is reoxidized by the ferricyanide reagent and 
thus is made available again for the reaction. 


Results 


In presenting the results of the study it is convenient to describe the 
manometric experiments first. 


O—O GLUCOSE-6-PHOSPHATE+TPN 
@—®@ | ACTATE+DPN 
50 
+ 
30F 
20} 
1 OF 


ol 02 03 04 05 
NICOTINAMIDE M/L 


Fig. 1. Inhibition of lactic and glucose-6-phosphate dehydrogenases by nicotin- 
amide, as estimated with the ferricyanide (manometric) method. Enzyme prepa- 
ration, SFH, 0.1 ml. corresponding to a dry residue weight of 5 mg. Concentration of 
DPN, 1 X a, and sodium (dl-lactate, 0.13 m; TPN, 1.5 & 10-4 and glucose- 
6-phosphate, 0.01 m. 


Manometric Studies—Fig. 1 illustrates typical results of the experiments 
with lactic and glucose-6-phosphate dehydrogenases. In both cases, the 
more nicotinamide added to the DPNase-free preparations (SFH), the 
greater was the decrease in the activity. 

Preparatory to determining the affinity of the apoenzymes for the inhib- 
itor it was necessary to determine the afhnity of the apoenzymes for their 
coenzymes. In these experiments the amount of the coenzyme was varied 
while the concentration of the enzyme and the substrate remained constant. 
The results are illustrated in Fig. 2, where the data are plotted according 
to the method of Lineweaver and Burk (10). 

Thus with the SFH preparation the Kypy and Kppy were found to be 
of about the same order, namely 5 X 10°’ Mm. The K values may vary 
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considerably in preparations from different blood specimens. The values 
were found to lie between 1.6 and 8 X 10°” M. 

Having obtained the above data, we performed further experiments to 
determine the influence of the inhibitor. As in the previous experiments, 
the concentration of the coenzymes was varied while that of the enzyme, 
substrate, and the inhibitor (nicotinamide) was kept constant. Typical 
results with the glucose-6-phosphate dehydrogenase are illustrated in Fig. 


3. 


GLUCOSE-6-PHOSPHATE+TPN 


O—O LACTATE+DPN 


80 


-| 
x10 


40} 


(CO-ENZYME M/L)'xio™ 

Fig. 2. Estimation of the Michaelis constants, Appn and Krpy, for lactic and 

glucose-6-phosphate dehydrogenases, as determined with the ferricyanide (mano- 


metric) method. Concentration of dl-lactate, 0.13 mM, and glucose-6-phosphate, 
0.01 


The results with the lactic dehydrogenase, DPN, and the inhibitor were 
similar to those shown in Fig. 3. 

The insignificant difference in the intercepts of the two curves in Fig. 3 
and the significant difference in the slopes indicate that the inhibition by 
nicotinamide is of the competitive type. This is true also for the lactic 
dehydrogenase and nicotinamide. With both these enzyme systems the 
K values for the inhibitor (K,) were of the order, 1 X 10-'m. Further- 
more, despite the variations in K, and K;, the ratio K;:A, with different 
blood specimens was consistently about 2000. 

Spectrophotometric Studies—As in the manometric studies, in order to 
determine the affinity of the apoenzyme for the inhibitor it was necessary 
first to determine the optimum conditions for the system. 

The Kg 6-phosphate from these experiments was about 2 
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while the Aypy was about 5 X 107-5 M, which is the same as that pre- 
viously obtained with the manometric method. 

Having obtained this information, we proceeded to study the influence 
of nicotinamide on the glucose-6-phosphate dehydrogenase-TPN system of 
the SFH. The results are illustrated in Fig. 4, where the increase in the 
optical density of the medium is plotted against the concentration of the 
inhibitor. 

The curves are similar to those obtained with the manometric method 
but it is evident from the indicated concentrations of nicotinamide that the 


@—@ NICOTINAMIDE 
300} 
Oo—o- CONTROL 
200} 
100} 


(TPN M/L)'x10° 
Fig. 5. Estimation of Michaelis constants of the glucose-6-phosphate dehydro- 


genase with respect to the coenzyme (TPN) and the inhibitor (nicotinamide) with 
the manometric method. System, 0.1 ml..of fresh SFH per flask with glucose-6- 


phosphate, 0.01 mM, and nicotinamide, 0.15 M. 


quantity of the inhibitor necessary to demonstrate inhibition is greater 
than that with the manometric method. 

In further experiments the concentration of TPN was varied with differ- 
ent concentrations of the inhibitor. Typical results are shown in Fig. 5. 

Here the results are plotted according to the method of Lineweaver and 
Burk. Curve 4 is the line obtained for the system without addition of the 
inhibitor. Curves 3, 2, and 1, respectively, were obtained with the ad- 
dition of increasing amounts of nicotinamide. 

The common intercept of all the curves on the ordinate again indicates 
a competitive type of inhibition. The A; for each level of the inhibitor, 
however, was 8 to 10 times higher than the K; value obtained with the 
manometric method and the same specimen of blood. This was confirmed 
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it & large number of experiments. The ratio Aj: Kypy with different 
specimens of blood was found to be about 17,000 despite the variation in 
kK; and K, from one sample to another. 


isol 


(Log x 10> PER MINUTE (A=34 


(Log PER MINUTE) (A= 340 mp) 


50p 
3 
0 0.5 1.0 
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Fig. 4. Inhibition of enzymatic reduction of TPN with nicotinamide as estimated 
with the spectrophotometric method. Reduced TPN determined at wave-length 340 
my with silica cuvettes, d = 1.000 cm. Slit opening 0.6 mm. Reagents, 0.2 ml. of 
fresh SFH corresponding to a dry residue weight of 1 mg., 0.025 m barbital-hydro- 
chlorie acid buffer, pH 7.4, NaCl 0.129 M, nicotinamide as indicated, TPN, 5.4 X 
10-§ m, 3.2 K 10-5 m, 2.1 K 10-5 in the experiments represented by Curves 1, 2, and 
3, respectively. Reaction initiated in each case by the addition of the enzyme; 
temperature 25°. Increase in optical density per minute = the average for a 15 
minute period. 

Fic. 5. Spectrophotometric determination of the Michaelis constants for glucose- 
6-phosphate dehydrogenase with respect to the coenzyme (TPN) and the inhibitor. 
Wave-length 340 my and silica cuvettes, d = 1.000 cm. Slit opening 0.6mm. Re- 
agents, 0.02 ml. of fresh SFH, TPN as indicated, nicotinamide, 1.00 m, 0.66 m, 0.33 
M, and 0 in the experimental series represented by Curves 1, 2, 3, and 4, respectively; 
temperature 25°. Reaction initiated in all cases by the addition of the enzyme. 
Increase in optical density per minute = the average for a 15 minute period. 


Effect of Varying Order in Which Reagents Are Brought Together—In 
these experiments, as in previous studies, it was observed that the results 
may be greatly influenced by the manner and order in which the reactants 
are brought together. For example, when the enzyme preparation was 
permitted to stand even for a short period (1 to 6 minutes) at room tem- 
perature in contact with the inhibitor, but without addition of the co- 
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enzyme, the activity of the preparation was greatly diminished. This jg 
illustrated in Fig. 6. 

Curve | represents the progressive reduction of the coenzyme (‘TPN) in 
the presence of the apoenzyme and its substrate. Curves 2, 3, and 4 
represent the results with the inhibitor present, but having the order varied 
in which the reactants were added. Thus Curve 2 represents the unit in 
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(Log «10% (a= 340 mp.) 


10 15 
MINUTES 

Fic. 6. The effect of varying the order in which the reagents are brought together 
on the inhibitory action of nicotinamide. Enzyme system, glucose-6-phosphate 
dehydrogenase (SFH, 0.02 ml. = 1 mg. of dry residue) and coenzyme (TPN) in a final 
concentration of 6.6 K 107-5 Mm. Nicotinamide in final concentration 0.33 m. The 
reduction of the coenzyme was followed in the spectrophotometer as in previous 
experiments. Curve 1 represents the control unit, 7.e. without the inhibitor. In 
two units (Curves 1 and 2) the reaction was initiated immediately by adding the 
enzyme to the other reagents. In the third unit (Curve 3) the enzyme, coenzyme, 
and the inhibitor were mixed and permitted to stand for 6 minutes prior to initiating 
the reaction by adding the substrate (glucose-6-phosphate). In the fourth unit 
(Curve 4) the enzyme and the inhibitor were permitted to stand admixed for 6 min- 
utes prior to adding the coenzyme; temperature 25° in all cases. 


which the enzyme preparation was added last and after the coenzyme and 
the inhibitor had been kept together for 6 minutes in the cuvette. Curve 
3 represents the experiment in which the substrate (glucose-6-phosphate) 
was added after the enzyme, coenzyme, and inhibitor had stood admixed 
for 6 minutes. Curve 4 represents the case in which the coenzyme was 
added 6 minutes after the mixing of the enzyme substrate and inhibitor. 
The coincidence of Curves 2 and 3 indicates that the result was the same 
whether the enzyme or the substrate was the last component added. It is 
evident from Curves 2 and 3 that the coenzyme protected the enzyme from 
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inactivation by the inhibitor while Curve 4 illustrates the lack of protection 
when the coenzyme was absent. 

Fig. 7 illustrates the difference in the results obtained by varying the 
order of addition of the reagents, and particularly the effect of holding the 
apoenzyme-inhibitor mixture for various periods of incubation of the apo- 
enzyme in the presence of the inhibitor prior to adding the coenzyme to 
initiate the reaction. 


MINUTES 
Fic. 7. The effect of permitting the enzyme to remain in contact with the 

hibitor for various periods prior to initiating the reaction by adding the coenzyme. 
The reduction of TPN by the glucose-6-phosphate dehydrogenase (SFH, 0.02 ml. = 
1 mg. of dry residue) was followed in the spectrophotometer. The final concentra- 
tion of TPN was 5.4 & 10-5 m and of nicotinamide 0.333 m. The results are expressed 
as the change in the optical density per minute (the average for a 15 minute period) 
permg. of dry residue per ml. Point 1 represents the value obtained without the in- 
hibitor, point 2 the value obtained with the inhibitor present, but the reaction ini- 
tiated immediately by adding the enzyme to the other components. Points 3, 3, a, 
8b, and 3, c represent the values obtained when the enzyme and the inhibitor were 
permitted to stand admixed for 0, 1.5, 3, and 6 minutes, respectively, prior to adding 
the coenzyme; temperature in all cases 25°. 


Points 1, 2, and 3, respectively, of Fig. 7 represent the values for the 
reduction of the coenzyme when all the reagents were mixed and the 
reaction was initiated without delay. In Experiment 1 (point /) the glu- 
cose-6-phosphate dehydrogenase, TPN, and the substrate were added to- 
gether, the TPN being added last. The inhibitor was omitted. In 
Experiment 2 (point 2) nicotinamide (0.333 m) and the coenzyme were 
placed in the cuvette and the enzyme was added last. In Experiment 3 
the coenzyme was added after the enzyme, substrate, and inhibitor were 
incubated together for 0 (3), 1.5 (3, a), 3 (3, b), and 6 (3, c) minutes re- 
spectively at 25°. 
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It is apparent from the above illustration that the inactivation of thp 
enzyme by the inhibitor proceeds at a linear rate. 


DISCUSSION 


The theoretical significance of the observation that nicotinamide ¢ay 
inhibit, competitively, the activity of the DPN-linked dehydrogenases has 
been discussed by Feigelson et al. (2). The study described in the presen 
paper has shown that nicotinamide can inhibit also the TTPN-linked dehy. 
drogenases, thus indicating that the two types of dehydrogenase have 4 
common mode of apoenzyme-coenzyme combination. 

We have demonstrated furthermore that, when the apoenzyme is exposed 
to the inhibitor in the absence of the coenzyme, the activity of the enzyme 
is diminished. The loss of activity with a given concentration of the 
inhibitor is proportional to the duration of contact of the apoenzyme with 
the inhibitor. Apparently, therefore, an active site on the apoenzyme 
becomes either blocked or destroyed by the inhibitor since a subsequent 
addition of the coenzyme cannot restore the original activity. That the 
saturation of an enzyme with its substrate can protect it against irreversible 
damage by various agents has been demonstrated for several enzymes 
(11-13). Of equal significance is the demonstration in the present study 
that the apoenzyme is similarly protected by its coenzyme. 

A third feature of interest in this study was the difference in the K 
values obtained by the manometric and spectrophotometric methods. 
With the former the Appy and Aypy values obtained for the glucose-6- 
phosphate dehydrogenase in the SFH preparation were about 5 & 10~° M. 
This is about the same as was obtained by Feigelson et al. (2) with a semi- 
purified preparation of malic dehydrogenase from hog heart (14). The K, 
with SFH and nicotinamide was about 1 107 The Ky: 
ratio for both the DPN- and TPN-linked dehydrogenases with the SFH 
was about 2000, which again is close to the value (3100) obtained by 
Feigelson et al. (2) with malic dehydrogenase. 

While the Aypx value with the spectrophotometric method ‘was found 
to be the same as with the manometric procedure, the K; value obtained 
was consistently from 8 to 10 times greater than with the latter method, 
and the Ki: Kecenzyme ratio was about 17,000. It appears, therefore, that 
under the conditions of the manometric method the affinity of the enzyme 
for the inhibitor is about 8 to 10 times greater than with the spectrophoto- 
metric procedure. 

The apparent discrepancy in the results with the two methods may be 
explained by the circumstance already mentioned that in the spectropho- 
tometric procedure the coenzyme, once reduced, remains in that state 
whether attached to, or detached from, the apoenzyme. In other words, 
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the coenzyme serves as a hydrogen acceptor and thus virtually behaves as 
a substrate. Each molecule of coenzyme is reduced only once and coinci- 
dent with the oxidation of 1 molecule of glucose-6-phosphate. In the 
manometric procedure, on the other hand, the process is a cyclic one and 
each molecule of the coenzyme, in being alternately reduced and reoxidized, 
takes care of the oxidation of many molecules of glucose-6-phosphate. In 
this case, therefore, the coenzyme is, in effect, a catalyst. The cyclic 
nature of this process affords «a much greater opportunity for competition 
between the inhibitor and the coenzyme, hence the difference in the K,; 
value by the two methods. 


SUMMARY 


It has been shown that nicotinamide inhibits the dehydrogenase activity 
not only of the DPN-linked, but also of the TPN-linked dehydrogenases of 
the stroma-free hemolysate from rabbit erythrocytes. 

Kinetic studies with both the manometric (ferricyanide) and spectropho- 
tometric techniques indicate that the inhibition is of the competitive type 
for both the DPN- and TPN-linked systems. 

Astudy of the glucose-6-phosphate dehydrogenase-TPN system with the 
spectrophotometric method has shown that when the apoenzyme (SFH) 
is incubated at 25° in the absence of the coenzyme, but with the inhibitor 
present, the activity of the preparation steadily decreases. The magnitude 
of the decrease is proportional to the concentration of the inhibitor and the 
duration of contact between the enzyme and the inhibitor. This suggests 
that the combination of nicotinamide and the apoenzyme may be stronger 
when the coenzyme is not present. 

The Aypy and Aypy for the dehydrogenases in the SFH were found 
tobe about 5 10-5 The (Spectrophotometric) was 
of the order of 2 K 10-4 M. 

According to the values obtained with the ferricyanide manometric 
method, the affinity of the apoenzyme (lactie or glucose-6-phosphate dehy- 
drogenase) for the coenzyme was found to be about 2000 times greater 
than that for nicotinamide in both the TPN- and DPN-linked systems. 

With the spectrophotometric method, the affinity of the glucose-6-phos- 
phate dehydrogenase for TPN was found to be about 17,000 times greater 
than for nicotinamide. 

An explanation is offered for the apparent discrepancy in the results with 
the two methods. 
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THE UTILIZATION OF v-VALINE FOR GROWTH BY THE RAT* 


By JULIUS WHITE, WILLIAM 8. FONES, ann HERBERT A. SOBER 


(From the National Cancer Institute, National Institutes of Health, United States 
Public Health Service, Bethesda, Maryland) 


(Received for publication, May 29, 1952) 


The ability of the intact animal to invert “unnatural” amino acids has 
been well established (1). Studies with histidine (2), methionine (3, 4), 
phenylalanine (4), and tryptophan (5) have indicated that the unnatural 
jsomerides are capable of partial or total replacement of the natural form 
for growth purposes in the rat. Ratner, Schoenheimer, and Rittenberg 
(6) have unequivocally demonstrated the inversion of D-leucine to L-leu- 
cine. They administered p-leucine labeled with deuterium in the carbon 
chain and N!* in the amino group to rats and isolated L-leucine with deu- 
terium in the carbon skeleton. 

It was recently shown (7, 8) by using L- and p-valine labeled with C* 
in the methyl group that both isomers contribute to glycogen formation 
in fasting rats. The isolated glycogen on degradation showed the same 
pattern of isotope distribution in each case, although the p-valine was 
utilized at a rate only about one-half that of the L isomer. These facts 
suggested that a common intermediate might be involved in the valine- 
glycogen transformation. This intermediate was postulated to be a-keto- 
isovaleric acid (8). If this postulation is correct, then, in view of the avail- 
ability of a-ketoisovaleric acid for growth in the rat (9), p-valine should 
support in part, at least, the growth of young rats ingesting a diet free of 
L-valine. The present study presents data to support this view. 


EXPERIMENTAL 


Ten rats of the Osborne-Mendel strain of both sexes, weighing 110 to 
112 gm. each, were fed a basal diet (10) consisting of an amino acid mix- 
ture as the chief source of nitrogen, together with sucrose, inorganic salts, 
fat, agar, and the required vitamins. Valine was omitted from the amino 
acid mixture. The animals were housed in individual cages and each was 
given 6 gm. of the basal diet daily. Water was supplied ad libitum. The 
food consumption and body weights were recorded daily. The rats were 
allowed to consume this diet for 28 days, a period arbitrarily chosen so 
that the rats could deplete their valine “stores.” Furthermore, after this 
lapse of time the valine deficiency syndrome, described by Rose (11) as 


* Presented before the American Society of Biological Chemists, New York, 
April, 1952. 
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nervousness, extreme sensitivity to touch, and unsteadiness, appeare) 
After the 28th day each animal received a daily supplement of 120 mg. 
p-valine! for a period of 6 days. At the end of the 6 day period, the p-y. 
line was removed and the animals were placed on the basal diet for 5 days | 
At the end of this period they were then given the basal diet plus a daily 
supplement of 120 mg. of DL-valine. ‘| 
To substantiate the growth findings, which indicated that p-valiye} 
could undergo inversion, two additional valine-deficient rats were eae) 


given 120 mg. of p-valine (methyl-C") (7) with 9.65 atom per cent exces | 


of C® ([a];? = —27.5°) in the diet for 3 consecutive days. 24 hour 


after the last administration of p-valine, the animals were sacrificed | 


and the livers were removed, homogenized, and dialyzed for 18 hours 
against running tap water to remove any free amino acids. The non. 


dialyzed fraction from each liver was hydrolyzed and valine isolated by | 


chromatography on a strong cation exchange resin (Dowex 50) in a man- 
ner analogous to that described for the isolation of valine from urine 
(8). The carcasses of the two rats (less hair and viscera) were ground, 
pooled, and treated in the same manner as the livers. 


RESULTS AND DISCUSSION 


The growth changes are summarized in Table I. Rats ingesting the 
valine-free basal diet showed an average daily weight loss of 1.36 to 1.75 
gm. The addition of 120 mg. of p-valine to the daily ration resulted in 
a prompt stimulation in growth. The daily growth increment was ap- 
proximately 1 gm. The ten rats originally employed in this experiment 


received the p-valine supplement for 6 days. However, three additional 


rats, placed for 14 days on the same _ p-valine-supplemented regimen, | 
also showed the same average daily gain (Table I). When the p-valine — 
was removed from the diet, there was a prompt loss in weight similar | 


to that of the animals ingesting the basal valine-free diet. Placing the 
rats on a complete diet (basal + 120 mg. of pi-valine) resulted in a rapid 
increase in growth of 1.5 to 2.33 gm. per day. 

Rats ingesting the basal valine-free diet consumed an average of 5.1 gm. 
of food per day. The addition of the p-valiné supplement resulted in 
the consumption of all the food (6 gm.) given to each animal. Forced 
feeding of animals on the valine-free diet resulted in no change in weight 
other than that shown in Table I. 

The specific rotation of the p-valine used was —27.1°. Nevertheless, 
as much as 1 per cent impurity of L-valine in the p-valine would not readily 
be detected by the specific rotation. Accordingly, 1.4 mg. of L-valine, 


1 The p-valine was prepared by the enzymatic resolution method of Price, Gilbert, 
and Greenstein (12). 
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TABLE I 


Diet 


+ 120 mg. 
+ 120 mg. 
+ 120 mg. 
+ 120 mg. 
+ 120 mg. 
+ 120 mg. 
+ 120 mg. 
+ 120 mg. 
+ 120 mg. 
+ 120 mg. 
+ 120 mg. 
+ 120 mg. 
+ 120 mg. 
+ 120 mg. 
+ 120 mg. 
+ 120 mg. 
+ 120 mg. 
+ 120 mg. 
+ 120 mg. 
+ 120 mg. 
+ 120 mg. 


+ 120 mg. 


+ 120 mg. p-valine 


p-valine 


DL-valine 


p-valine 


DL-valine 


p-valine 


pDL-valine 


p-valine 


pL-valine 


p-valine 


DL-valine 


p-valine 


pL-valine 


p-valine 


pL-valine 


p-valine 


DL-valine 


p-valine 


pDL-valine 


p-valine 


DL-valine 


p-valine 


p-valine 
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Days 


Growth Response of Rats to v-Valine 


Initial 


| 


Final 
weight weight 


Average 
weight 


+1.16 


+2.33 


AVI 
per day ’ 
| gm. | gm. gm. 
352 | 28 | 110 | 65 | —1.57 
6 | 65 | 71 | +1.00 
: 5 | 70 | 6 | —1.00 ? 
| 6 | 65 | 76 | +1.83 4 
= | | uo | 72 | -1.36 
| 6 | 72 | 7 | +1.00 
| | 6 70 | 81 +1.83 
= | “ 28 | 110 | 60 | —1.79 
| 60 | 67 | +1.16 a 
6 | 61 | 73 | +2.00 “4 
= 28 110 | 64 | —1.64 
| | " | 56 | 71 | 65 | —1.20 3 
| | 6 | 65 | 77 | +2.00 
356 | 28 | 112 | 64 | 
6 | 64 | 70 | 41.00 
| 63 | —1.40 
| 6 | 63 | 74 | +1.83 
357 | 28 | 110 | 62 | —1.71 
| | “ a 6 62 | 68 | +1.00 : 
| 5 | 68 | 62 | —1.20 
a 6 | 62 | 76 | +2.33 
t | 28 | 112 | 63 | —1.75 
| 63 | 69 | +1.00 
| | . 5 | 69 | 63 | —1.20 | 
7 | 6 | 63 | 72 | +1.50 
| « 28 | 110 62 | 
| 6 | 62 | 69 | +1.16 
e | " 5 | 69 | 61 | ~1.60 
d | 6 | 7 | 
360 “ 28 | 112 | 65 | —1.68 | 
| 6 | 65 | 72 | +1.16 
5 | 7 | 67 | —1.00 4 
6 | 67 | 80 | +2.16 
23 | 112 62 | —1.71 
| 6 62 | 68 | +1.00 
ae, 5 | 68 | 62 | —1.20 
| 6 | 62 74 | +2.00 
: 366 “ 28 | 112 | 66 | —1.66 
14 | 66 | 81 | 41.07 
= ‘ 23 | 110 | 63 | —1.68 “a 
14 | 63 77 +1.00 
368 28 | 112 | 65 | —1.66 
14 | 65 | 70 +1.07 4 
XUM 
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corresponding to a little more than 1 per cent of the p-valine used, were 
added to the basal diet to see whether it would produce growth. The data 
are presented in Table II. It can be seen that this addition of L-valine 
did not change the loss in weight of the rat on a diet otherwise free of 
valine, thereby indicating that, even if the p-valine had been contami- 
nated with as much as 1 per cent of L-valine, the observed growth rate 
could not be attributed to the presence of L-valine. Actually, the p-va- 
line used, when examined by the method of Meister, Levintow, Kingsley, 


TABLE II 
Growth Response of Rats to Restricted Amounts of L-Valine 

| | Average 
Rat No. Diet | | 
| | | per day 

| gm. gm. gm. 
299  Valine-free 21, 101 69 —1.52 
| + 120 mg. p-valine 69 81 +1.09 
291 | 21 102 67 —1.67 
| “ + 120 mg. p-valine | il 67 78 +1.00 
* | 16 | 104 | 77 | —1.79 
| + 1.4 mg. L-valine 77 69 —1.60 
16 105 79 —1.63 
| + + 1.4 mg. L-valine ae 79 71 —1.60 
344 105 78 —1.79 
2 + 1.4 mg. L-valine oer 78 70 —1.60 
345 105 78 —1.79 
+ 1.4 mg. L-valine | § 78 70 —1.60 
348 cs 16 101 77 —1.50 
| “ + 1.4 mg. L-valine | 5 77 70 —1.40 


and Greenstein (13),? was found to contain less than 0.1 per cent of L- 
valine. 

Table III presents data on the L-valine isolated from rats fed p-valine. 
Rats receiving isotopic p-valine (methyl-C) with 9.65 atom per cent 
excess of C® ([a]?? = —27.0°) for 3 days were sacrificed 24 hours later and 
the t-valine from liver and carcass was isolated. The valine isolated from 
the livers of the two rats showed an [a]? = +24° and +26° and an enrich- 
ment of 0.74 and 0.66 atom per cent, respectively. The carcasses of the 
two rats were pooled and the valine isolated therefrom had a specific 
rotation of +26.4° and an enrichment of 0.33 atom per cent excess. 
Another purity determination on the small amount of this sample avail- 
able showed it to contain less than 0.5 per cent p-valine. The amounts 
reported in Table III were those obtained after repeated purification. 


2 We are indebted to Mrs. R. B. Kingsley for these determinations. 
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These results indicate that the young rat is capable of utilizing p-valine 
for growth in part, this enantiomorph being equivalent to about one- 
half the same quantity of t-valine. Isolation of L-valine after the 
administration of p-valine suggests that the rat can, in part, “‘invert”’ 
p-valine, probably via deamination to the corresponding keto acid fol- 
lowed by reamination to the L enantiomorph. 

The fact that p-valine is utilized to only about one-half the extent of L- 
valine for glycogen formation (about 50 per cent of the D-valine is excreted 
in the urine unchanged), together with the ability of p-valine to support 
the growth of the rat on a diet devoid of valine only to the extent of about 
one-half of that of L-valine, suggests the possibility that the rate of de- 
amination of the p-valine is slower than that of L-valine and is the limiting 


TaBLeE III 
Isolation of u-Valine after Administration of p Form 

Rat 305 | Rat 306 
p-Valine administered,* mg. per day ......... 120 (3 days) | Same 
Isolated ut-valine (liver), mg.................. 13 | 8.5 
Isolated t-valine (carcass), mg................ 220 (Rats 305 and 306) | 
la]> carcass,  +26.4 


| 0.33 


*In addition to the valine-free basal diet. 


step in its utilization, since the keto analogue of valine supports growth 
as well as L-valine itself. 


SUMMARY 


1. The oral administration of D-valine to rats on an otherwise valine- 
free diet supported the growth of young rats at a rate approximately 
one-half that observed when L-valine was supplied. 

2. t-Valine containing C" was isolated from the liver and carcass of 
rats fed p-valine containing C™ in the methyl groups. 

3. These observations suggest that p-valine may be deaminated to the 
corresponding keto acid and subsequently reaminated. 
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HYDROLYSIS PRODUCTS OF NUCLEIC ACIDS LABELED 
WITH TRITIUM; PREPARATION BY BIOSYNTHESIS* 


By M. L. EIDINOFF, H. C. REILLY, J. hk. KNOLL, ann D. H. MARRIANT 


(From the Sloan-Kettering Institute for Cancer Research, New York, New York) 
(Received for publication, June 11, 1952) 


Compounds labeled with C™ and N!® have proved useful in studies of 
nucleic acid metabolism. Since tritium, the radioactive hydrogen iso- 
tope of atomic weight 3, is now available in relatively high specific activi- 
ties, it was decided to explore the usefulness of this isotope in such studies. 
Inasmuch as there are no data concerning the corresponding use of deu- 
terium, it was first considered necessary to know the relative stability of 
the hydrogen atoms bonded to carbon with respect to isotopic exchange 
with an aqueous medium at varied pH and temperature. It is known that 
hydrogen atoms are labile when bonded to oxygen and nitrogen in —-OH, 
—NH2, and =NH, and to carbon at a site where enolization can occur 
(1). The ribose portion of the nucleosides and nucleotides would be ex- 
pected to retain an isotopic label under moderate reaction conditions, 
since 6 hydrogen atoms are linked directly to carbon. A measure of 
stability would be predicted for the hydrogen atoms at the 2 and 8 posi- 
tions in adenine, the 8 position in guanine, and the 4 and 5 positions in 
cytosine and uracil, provided that the purine and pyrimidine ring struc- 
tures did not introduce any unusual lability factors. In order to resolve 
this point, the four bases were prepared by degradation of sodium nucleate 
from yeast labeled with tritium. The bases retained appreciable tritium 
activity after undergoing treatment that would result in isotopic loss at 
labile atom positions. 

The corresponding nucleosides were prepared from the separated nucleo- 
tides and their tritium activities measured. 

The biosynthetic method used in these studies effected a multifold 
growth of yeast in a nutrient medium that forced the incorporation of 
appreciable tritium activity. The method is equally suitable for the in- 
corporation of radiocarbon activity, thus permitting the biosynthesis of 


* Presented at the International Congress of Pure and Applied Chemistry, Sep- 
tember, 1951. 

This work was supported in part by grants in aid from the Atomic Energy Com- 
mission under contract No. AT(30-1)-910 and by a grant from the American Can- 
cer Society. 

t Present address, Department of Radiotherapeutics, University of Cambridge, 
Cambridge, England. 
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a large number of labeled compounds of biochemical interest by degrada- 
tion of the labeled yeast. 
EXPERIMENTAL 


Torulopsis utilis SKCC 356! was grown in a modification of the medium 
of Schultz and Atkin (2), consisting of 20 gm. of sodium acetate, 20 gm. 
of NHyH2POx,, 425 mg. of KC], 125 mg. of CaCl.-2H.O, 125 mg. of MgS0,-- 
7H.O, 2.5 mg. of FeCl;-6H2O, 3.7 mg. of MnSO,4-4H2O, and 1000 ml. of 
distilled water. 100 ml. portions of the medium were placed in 250 ml. 
Erlenmeyer flasks and sterilized at 121° for 15 minutes. For inoculation, 
a suspension of 24 hour-old slant culture of 7. utilis on Sabouraud’s agar 
was prepared in sterile tap water. Direct microscopic cell counts were 
made on the suspension, buds being counted as half cells. Each flask of 
medium was inoculated with about 1 x 10’ cells. The cultures were 
incubated at 25° + 1° on a rotary shaker for 4 days. At this time the 
cultures were harvested and were found to contain approximately 3 X 108 
cells per ml., indicating about a 3000-fold increase in cell growth. The 
principal source of carbon was sodium acetate containing tritium in the 
methyl group. The activity of the water in the growth medium was 
3.5 & 104 d.p.m. per um of hydrogen. The activity of the sodium acetate 
was 1.6 X 10‘ d.p.m. per um. The labeled acetate was prepared by the 
high temperature equilibration of unlabeled acetic acid and water contain- 
ing tritium. The latter was obtained from the Isotopes Division, United 
States Atomic Energy Commission, in the form of hydrogen gas and con- 
verted to water by reaction with cupric oxide at 350°. 

The yeast was harvested by centrifuging and washed twice with ice- 
cold 5 per cent trichloroacetic acid solution to remove acid-soluble nucleo- 
tides (3), once with water, twice with alcohol, and once with ether. Lipides 
were removed by standing overnight with a mixture of chloroform-methanol 
(3:1) followed by gentle refluxing for 1 hour. The yeast was hydrolyzed 
in N NaOH solution (about 30 ml. per gm.) at 21° for 20 hours. The 
solid residue was spun off, washed with a little water, and the combined 
supernatants brought to pH 4 by addition of ZeoRex cation exchange resin 
(hydrogen form). The resin together with the flocculent precipitate of 
protein and desoxyribonucleic acid was spun off (4), the solids washed with 
a little water acidified to pH 4, and the supernatants neutralized to pH 7 
and separated into nucleotides by the method of Cohn (5-7). The sepa- 
rate nucleotides were freed from acid by evaporation to dryness at temper- 
atures not higher than 40°. The nucleosides were prepared by enzymatic 
dephosphorylation of the corresponding separated nucleotides according 


1 The authors are indebted to The Fleischmann Laboratories of Standard Brands 
Incorporated for supplying this culture. 
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to the method described by Schmidt, Cubiles, and Thannhauser (8). 
The free purine and pyrimidine bases were prepared by the method? of 
Roll and Weliky (9), starting from crude sodium nucleate extracted from 
the dried yeast by 20 per cent aqueous sodium chloride solution at 100° 
for two 6 hour periods, tollowed by alcoholic precipitation. The concen- 
trations of the compounds prepared by the above procedures were deter- 
mined with a Beckman model DU ultraviolet spectrophotometer. Con- 
centrations were computed with the following molar extinction coefficients 
at 260 mu and pH 2 (these values were kindly communicated to us by W. E. 
Cohn): adenine 12,800, adenosine 14,200, adenylic acid 13,900, guanine 
8200, guanosine 11,000, guanylic acid 11,800, cytosine 6200, cytidine 6200, 
eytidylic acid 6800, uracil 8200, uridine 9900, uridylic acid 10,000. The 
identity of each compound was checked by the tollowing ratios of the 
absorption at the given wave-lengths (mu) 250:260, 280:260, 290:260, 
as proposed by Cohn (6). 

Radioactivity Measurements——Tritium activity was measured by direct 
counting of solid samples plated out by evaporation from appropriate 
solvents by the method described by Eidinoff and Knoll (10). To prepare 
samples for counting, 0.5 ml. of the aqueous solution was pipetted onto an 
aluminum planchet (7.45 sq. cm. in area) together with 0.5 ml. of methanol 
and evaporated with stirring under an infra-red light until only a few drops 
were left. An additional 0.5 ml. of methanol was added and the sample 
was dried with stirring. Under these conditions, fairly uniform samples 
can be prepared. The planchets were counted within | hour of prepara- 
tion in a windowless gas flow counter operated in the Geiger-Miiller region 
at 1450 volts. Sufficient counts were taken to obtain a counting precision 
due to statistical variation of 1 per cent for each sample. Dead time cor- 
rections were made and the background and a radioactive standard were 
checked before and after each series of samples. The solid active layer 
plated out on the sample pans had thicknesses ranging from 4 to 150 y 
per sq. cm. The activities were compared by correcting each observed 
counting rate to the ideal infinitely thin condition under which no self- 
absorption would occur. The correction was made by measuring the ab- 
sorption coefficient with very thin aluminum foil absorbers. It was ob- 
served that, up to a thickness of 0.2 mg. per sq. cm., J = I°e*"” where 
I and J’ are the counting rates for the aluminum absorber thickness 7' (mg. 
per sq. cm.) and zero respectively. The correction factor, representing 
the ratio of observed to infinitely thin activities, is (11) f = (1 — e7*"”) ’- 
18.77. 


*The details of this procedure were obtained as a private communication by 
these authors. 
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RESULTS AND DISCUSSION 


The activity of the four bases and their corresponding nucleosides js 
given in Table [. The retention of considerable tritium activity in the 
four bases relative to the specific activity of the nutrient medium demon- 
strates that hydrogen in the 8 position in guanine and in at least one of the 
two hydrogen positions linked to carbon in adenine, cytosine, and uracil 
is resistant to isotopic exchange. In the preparation of the free bases, 
there were several steps in which labile hydrogen atom positions would 
isotopically exchange with the medium. These include treatment. with 
(a) 20 per cent NaCl solution at 100° for 12 hours, (b) 70 per cent. per- 
chloric acid at 100° for 45 minutes, (c) nN HCI at 80° for 15 minutes, and 
(d) 0.01 s NaOH at room temperature for 2 to 3 days. 


TABLE I 
Radioactivity of Compounds Prepared from 10 Gm. Yield of Dried Yeast 
| 
| mg. per sq. cm. | per cent 
13 0.125 0.38 | 3 
2.1 0.050 0.62 | 5 
| 5.9 0) .027 0.78 5 4 
| 0.55 0.028 | 0.78 4 3 
| 8.4 0.013 | 0.90 3 2 
| 0.54 0.0081 0.93 4 l 
| 9.4 0.152 | 0.33 | 2 1] 


The relative specific activities listed in Table I are not in agreement 
with those calculated on the basis that the specific activity of each hydro- 
gen linked to carbon is the same, regardless of position in the purine and 
pyrimidine rings and the ribose group. This discrepancy could arise from 
(a) differences in utilization of tritium from the water and the organic 
precursors derived from acetate, (b) differences in relative reaction rates 
involving the hydrogen isotopes of masses 1 and 3, and (ce) differences in 
partial loss or washout of tritium during the degradation of the yeast 
nucleic acid. The approximately 2-fold greater activity of adenine rela- 
tive to guanine is in accord with the assumption that the 2 and 8 positions 
in the former are each equal in activity to the 8 position in the latter com- 
pound. The activities of the nucleosides are greater than those of the 
corresponding bases by 8.4, 7.9, and 8.9 X 10* c.p.m. per uM in the case of 
adenine, cytosine, and uracil respectively. These figures are in accord 
with the reasonable assumption that the ribose groups in all the nucleosides 
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have an equal activity arising from a single synthetic route. On this 
basis, however, the specific activity of the guanosine is unaccountably low. 

Although the principal objective of these studies was to demonstrate 
the retention of the hydrogen isotopic label in the purine and pyrimidine 
rings, the biosynthetic method adopted has a more general usefulness. 
This investigation has also demonstrated that nucleosides and nucleotides 
can be prepared with a tritium specific activity equal to, or 1 order of 
magnitude less than, the tritium activity of the nutrient medium. 

If acetate containing radiocarbon had been used as the sole source of 
carbon in the nutrient medium, the manifold growth of yeast would yield 
labeled compounds whose specific activity is equal to that of the acetate. 
Since acetate labeled with radiocarbon in the methyl group is easily pre- 
pared in high activity from BaC'O; (12), the biosynthetic procedure should 
be very satisfactory for the preparation of randomly labeled compounds 
of equally high activity from yeast. 


SUMMARY 


1. Nucleic acid hydrolysis products were prepared from yeast grown in 
a nutrient medium containing tritium. Adenine, guanine, cytosine, and 
uracil, all containing this isotope, were prepared from the yeast sodium 
nucleate. Since one step in this procedure involves the treatment of the 
nucleate with 70 per cent perchloric acid at 100°, it is evident that hydrogen 
atoms in the 8 position in guanine, the 2 or 8 position (or both) in adenine, 
and the 4 or 5 position (or both) in cytosine and uracil have a substantial 
resistance to isotopic exchange in aqueous media. 

2. The principal source of carbon in the nutrient medium was sodium 
acetate. A variety of highly radioactive compounds can be prepared by 
this biosynthetic method, since the growth is manifold and since acetate 
labeled with radiocarbon or tritium in the methyl group is readily prepared. 


The authors wish to acknowledge helpful suggestions by Dr. George B. 
Brown and the assistance of Mrs. Virginia Weliky in the separation of the 
nucleic acid hydrolysis products. 
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PROPERTIES AND DISTRIBUTION OF VITAMIN By;* 


By U. J. LEWIS,f D. V. TAPPAN, anp C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, June 26, 1952) 


The existence of a new form of vitamin By» in the feces of rats was first 
noted during a study of the effect of dietary cobalt on the growth of rats 
employed for vitamin By assay (1). When crude extracts of the feces 
were tested by the microbiological and rat assays, only a small fraction of 
the vitamin By. activity measured microbiologically could be detected by 
the rat assay. Upon chromatographing the fecal extracts, a vitamin B.- 
active compound was detected that possessed an Ry value intermediate 
between those of vitamins By. and By. Fractionation of the feces yielded 
a red compound that possessed growth-stimulating properties for Lacto- 
bacillus leichmannii but which failed to produce a growth response in the 
rat. For the sake of clarity when reference is made to the new compound, 
the notation vitamin Bye; (“‘f’? = feces) has been tentatively assigned to 
the substance. 

While the paper referred to above was in press, Pfiffner et al. (2) reported 
the isolation of a vitamin By-like compound produced by an anaerobic 
microorganism obtained from rumen contents. The compound, desig- 
nated pseudovitamin By2, failed to support growth in the rat and chick 
but was active in this respect in L. letchmannit. Recently (3), the nota- 
tion cyano-8-cobalamin has been suggested for the substance. A com- 
parison of the properties of vitamin By; with those of pseudovitamin By,» 
suggests that the two compounds are identical. However, final judgment 
must await chemical degradation of vitamin By; to determine its exact 
relationship to this and other known forms of vitamin By. 


EXPERIMENTAL 


Elimination of Vitamin B,,—Although the vitamin By; isolated from 
rat feces (1) was obtained as a crystalline material, it was not known with 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the Research Committee of 
the Graduate School from funds supplied by the Wisconsin Alumni Research Foun- 
dation. A preliminary report on this work was given at the 12l1st meeting of the 
American Chemical Society, Milwaukee, Wisconsin, March, 1952. We are indebted 
to Merck and Company, Inc., Rahway, New Jersey, for the crystalline vitamins 
including vitamin 

t Babcock Fellow in Biochemistry. 
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certainty whether the sample was homogeneous. Upon chromatograpb- 
ing on paper, with water-saturated n-butanol, three zones could be detected 
by the bioautographic technique (4, 5). The slow and fast moving spots 
corresponded in Ry values to vitamins By, and By, respectively. An 
intermediate zone represented vitamin By; To determine whether the 
vitamin By», and vitamin By. were present as impurities or whether they 
arose from vitamin By.; during chromatography, the following procedure 
was carried out: 10 mugm. of vitamin Biz; were spotted on strips of Eaton- 
Dikeman paper No. 613! and developed with water-saturated n-butanol 
for 72 hours at room temperature. The vitamin Byo-active materials 
were then located with duplicate pilot strips by the bioautographic tech- 
nique. The vitamin By microbiological assay medium of Thompson et al. 
(6) (plus 1.5 per cent agar) seeded with L. leichmannii ATCC 4797 was 
used in the plating procedure. Once the locations of the three forms on 
the paper strips were determined, the spots were cut out, eluted with water, 
and rechromatographed. The eluted fast spot, corresponding to vitamin 
By, produced two zones possessing /?y values identical with those of vita- 
mins Byy, and By. This conversion of vitamin By: to vitamin By», during 
chromatography has been reported by Woodruff and Foster (7). The 
eluted slow moving zone when chromatographed produced only one zone, 
which corresponded to vitamin By»,. The eluted middle spot (vitamin 
Byop) gave a vitamin By zone and a very faint slow moving spot, but no 
vitamin By. spot. This indicated that the vitamin By. noted in the vita- 
min Biz, samples was present as an impurity and did not arise from the 
vitamin Byy;. Attempts were then made to separate the vitamin By. from 
the vitamin 

Separation by fractional crystallization or by use of ion exchange resins 
proved unsuccessful. By means of chromatography on alumina, however, 
a separation was accomplished. Columns of activated alumina mixed 
with Filter-Cel (2:1) were prepared with 95 per cent ethanol as the solvent. 
The vitamin Bi samples, dissolved in 95 per cent ethanol, were applied 
to the columns and developed with more of the same solvent until the red 
band had moved a short way down the column. Movement was very 
slow with this developing agent, but substitution of 65 per cent ethanol 
resulted in rapid movement of the band and elution from the column. By 
repeated passages through such columns and by discarding the tailings 
of the band, the vitamin By. was eliminated from the vitamin By, 
preparations. 

Removal of Other Impurities—The elimination of vitamin By, from the 
Vitamin By preparations failed to alter the absorption spectrum. How- 


1 This paper can be purchased already cut into } inch strips, and the Ry values 
obtained with it are comparable to those with Whatman No. 1 paper. 
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ever, in studying the behavior of vitamin By, toward ion exchange resins, 
it was noted that after passage through a column of IRA-400 (Rohm and 
Haas Company, Philadelphia) a strong maximum at 278 my was present. 
Previously this peak had not been detected (1), presumably because of 
absorption by masking impurities. Since only 1 to 2 mg. of vitamin Byer 
was available, it is very likely that these small quantities were contami- 
nated with traces of substances not completely removed by reerystalliza- 
tio. Fig. 1 shows the absorption spectrum of vitamin Bis after treat- 
ment with the ion exchange resin. The vitamin B,; has a much stronger 
maximum at 278 my than does vitamin By, but otherwise the spectra are 


— Vitamin Bios 
--- Vitamin Bio 
+ 
| 
0 Ly + + + 
300 400 500 600 


Wavelength (m») 
Fic. 1. Absorption spectra in water at pH 7 of vitamins Bie and By» 


very similar. The possibility is still not excluded that a trace of an im- 
purity is producing this strong absorption in the 278 muy region. 

It is of interest to note that, while vitamin Biz, was not held by anion 
exchange columns, cation exchangers absorbed it so strongly that none could 
be detected in the effluent. ‘This indicates a strongly basic group in the 
vitamin Bisp molecule. Vitamin By is not absorbed by most anion and 
cation exchange resins (8). 

Evidence for Cyanide Complex—Although the vitamin By: had been re- 
moved from the vitamin By, a weak, slow moving zone could still be de- 
tected when chromatographed on paper. This slow moving compound 
possessed an 2? value very similar to that of vitamin Bi», when chromat- 
ographed with n-butanol. However, when water-saturated sec-butanol 
(9) was employed, a definite difference in Ry values was observed. The 
slow spot present in the vitamin Biz; had an RP, value of 0.04, while the 
value for vitamin Bi», was 0.08. The values for vitamins Biz; and By: 
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were 0.16 and 0.30, respectively. A mixture of 5 mygm. each of vitamins 
Bi. and Bye; was chromatographed and four zones were detected. There 
was considerable tailing, but the four zones could be easily distinguished. 
These data are shown in Fig. 2. 

While a 72 hour development period was required with n-butanol to 
effect a separation of these various forms of vitamin By, only 20 hours 
were required for comparable results with sec-butanol. Descending de- 
velopment at room temperature was used. During the summer, with 
somewhat higher room temperatures, the /?y values increased slightly. 


B B By» + Slow 
12 Spot 
12 


4 


Slow Spot B B pot 
12f 


Fic. 2. Chromatographic development of vitamin Bier with water-saturated sec- 
butanol. 


The presence of two spots in all preparations of vitamin Bye; suggested 
the existence of a cyano-hydroxo relationship similar to that in vitamins 
By and By. 307 of vitamin Bio; were irradiated with ultraviolet light 
for 45 minutes in water solution at pH 4. Under these conditions vitamin 
By: is converted to vitamin B,,, and the conversion can be noted visually 
by a color change from red-violet to red-orange (10). Upon irradiation, 
vitamin By; underwent a similar color change which could be reversed 
by the addition of KCN. When the irradiated samples were chromato- 
graphed, the slow moving spot was much more pronounced than in un- 
treated vitamin Bix. However, the photolysis was not complete, since 
some vitamin By»; could still be detected in the irradiated samples. These 
results were compatible with a cyano-hydroxo relationship between the 
two spots. 

Since an insufficient supply of vitamin Bis; prevented the use of chemi- 
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eal degradation, further paper chromatographic studies were carried out. 
10 mugm. samples of vitamin Bis were chromatographed on paper with 
water-saturated sec-butanol for 20 hours. Duplicate pilot strips were 
used to locate the areas of active materials. Once located, the two spots 
from the vitamin By; were cut out and eluted with water. The slow spot 
was treated with 50 y of KCN at pH 6.5 for 5 hours at room temperature 
and then respotted on paper strips. As a control, a sample of the eluted 
slow spot was respotted without any treatment. The vitamin Bis spot 
was treated in the same manner. These results are summarized in Fig. 2. 
The untreated slow moving compound gave only one spot, as does vitamin 
Bi, (7). The eluted slow spot that had been treated with KCN produced 
two zones, the faster corresponding in Rr value to vitamin By», the slower 
to the untreated slow moving compound. Vitamin By», acts similarly 
when allowed to react with KCN, producing two zones, vitamins By and 
Bip». The eluted, chromatographed vitamin By; spot gave two zones, 
and KCN had no effect on the Rr values obtained. Vitamin By. behaves 
in the same manner by always producing two zones when chromatographed. 

It is concluded from these data that vitamin Bi, like vitamin By, is a 
cyanide complex and that the cyanide can be replaced to form, presum- 
ably, a hydroxy analogue which is the slow moving compound. 

Stability to Acid and Alkali—The stability of vitamin Bye; is very similar 
to that reported for vitamin Biz by Hartley ef al. (11). No loss in activity 
was noted by standing at pH 6.5 for 1 month at room temperature in 
diffused light. Activity was determined by the L. leichmannii assay. 
Autoclaving at 115° for 30 minutes at pH 7 and 6 resulted in a loss of 
approximately 10 per cent of the activity. Complete inactivation resulted 
by autoclaving at 115° for 30 minutes at pH 9. 

Animal and Microbiological Growth Response—Vitamin By, failed to 
give a growth response in the rat at a level of 0.9 y per day for 1 week (1). 
| y per day has been administered to rats, both orally (by stomach tube) 
and by injection, for 2 weeks without any noticeable increase in growth. 
The rat assay of Register et al. (12, 13) was employed. A maximum 
growth response is produced in this assay by 0.2 y per day of vitamin By. 
These data are shown in Table I. The daily administration of a mixture 
of 1 y of vitamin Bis; and 50 mg. of an intrinsic factor concentrate? also 
failed to elicit a growth response in the rat. 

Recently Hawk and Elvehjem (14) have reported that vitamin Bio, 
does not prevent the development of hemorrhagic kidneys in young rats 
on a low choline diet. 

Previously it was reported that vitamin By, was capable of producing 


? Preparation No. AI17A6.5 supplied by Dr. D. V. Frost, Abbott Laboratories, 
North Chicago, Illinois. 
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a growth response in the chick. These results were obtained with prepara- 
tions of vitamin By; which contained some vitamin By. When the vita. 
min By» was finally removed from the vitamin Byo;, it was found to be 
completely inactive in promoting growth in the chick. The chick assays 
of the vitamin By; (containing no vitamin By.) were performed by P. H. 
Derse.2 The assay ration consisted mainly of a corn-soy bean meal diet 
supplemented with salts and vitamins. The vitamin Bye; was mixed into 
the ration and fed for a period of 4 weeks. Sixteen birds per group were 
used. The growth data are summarized in Table I, from which it may be 
seen that vitamin By,2.; possessed no vitamin By, activity in the chick. 

, . The growth-promoting ability of vitamin Biz; in Escherichia coli* (15) 
and Euglena gracilis var. bacillaris® (16) was tested and found to be ap- 
proximately the same as in L. leichmannii. 


TABLE | 
Growth Response of Rat and Chick to Vitamin Byer 


Rat Chick 
Average growth, Average growth, 

2 wks. 4 wks. 

| gm. | gm. 

1 y vitamin Biz per day, oral.....................! 41 

3“ wer Kilo | 139 


Solubility in Solvent Mixtures—Vitamin By; can be salted-out of water 
solution and made to dissolve in n-butanol by saturating the water with 
ammonium sulfate and extracting with n-butanol. This process was used 
with considerable success in the isolation of vitamin By». from liver (17). 
The procedure could be employed in the fractionation of rat feces only 
after a stage of purification had been reached at which no material was 
precipitated upon saturation with ammonium sulfate. Vitamin By2; was 
carried down almost quantitatively in such precipitates. Extraction with 
n-butanol from ammonium sulfate-saturated solutions was used with suc- 
cess with urine samples. Vitamin B,.; can be extracted from water solu- 
tions with phenol and recovered from the phenol by the addition of ether. 

Excretion and Storage in Rat—Dietary cobalt produced a large increase 


* Research Laboratories, Wisconsin Alumni Research Foundation, Madison. 

‘ Performed by J. 8S. Chiao, Department of Biochemistry, University of Wiscon- 
sin. 

5’ Performed by W. J. Robbins, New York Botanical Gardens, New York. 


| t 
C 
f 
| t 
f 


U. J. LEWIS, D. V. TAPPAN, AND C. A. ELVEHJEM 523 


in the amount of vitamin B,-active compounds in the intestinal tract of 
the rat (1), but these compounds were not detected in the liver or urine. 
Since vitamin By2¢ was found in the intestinal tract, its absorption and ex- 
eretion were studied in an attempt to determine the reason for its absence 
from the liver. 

Male weanling rats were depleted of their vitamin Bz stores by placing 
them on a corn-soy bean meal diet (rat assay diet without iodinated casein) 
for 2 weeks. Eight rats were used per group. At the end of the 2 week 
depletion period, vitamin Biz; and vitamin B,z were administered to the 
animals both orally (by stomach tube) and by injection for another 2 weeks. 
ly per day was given. During the last 3 days of supplementation, the 
animals were placed in metabolism cages and the urine and feces collected 


II 
Excretion and Storage of Vitamins Bi and Bz 


Vitamin | Vitamin | Vitamin |Vitamin Bi2/Vitamin Bi: 
Average |. oye Biz ac- | Biz ac- | Biz ac- | activity activity 
Supplement liver f 8 , | tivity of |tivity per| tivity of | excreted excreted 
weight | wee * liver, liver, eces, in feces, | in urine,* 
average | average | average | average average 
| 
gm. | gm. | | per em) | per day 
17 | 127 | 2.9 3.0 t 
Vitamin By, oral....... 8.1 | 1.6 50 | 404 | 3.8 6.3 t 
i “injected. ..| 8.4 1.9 80 631 2.8 5.2 273 
” Biz, oral.......| 6.6 1.3 23 156 3.8 4.8 T 
“injected... .| 7.5 1.3 44 333 2.4 3.1 268 


* Corrected | for desoxyribosides. 
t No detectable amount. 


quantitatively. The rats were then sacrificed and their livers removed. 
The urine, feces, and livers were analyzed microbiologically for vitamin 
By by the L. leichmannii assay. Correction for the presence of desoxy- 
ribosides in the urine was made by the alkaline hydrolysis procedure (18). 
The high desoxyriboside content of the urine was attributed to ration that 
had fallen into the urine. The data are summarized in Table II and repre- 
sent the average values obtained with eight animals. 

No increase in vitamin By, activity of the urine and only a slight increase 
in the liver was noted when vitamin Bis; was given orally. The fecal 
excretion was considerably larger, however. When the vitamin was in- 
jected, there was an increase in liver vitamin By activity, but not as great 
as with an equivalent amount of vitamin By». For the most part the 
injected vitamin B,2; was eliminated through the kidneys. The pathway 
of excretion of vitamin By. has been reported (19, 20) and the results 
obtained in these experiments are in agreement with those reports. Orally 
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administered vitamin By: was excreted primarily by way of the feces, while. 
when injected, it was eliminated through the kidneys. However, an jp. 
crease in liver vitamin B,, was noted with both the oral and injected 
vitamin By. The excretion of vitamin By is, therefore, very similar to 
that of vitamin Bo; but there is a difference in liver storage of the two 
forms. 

Attempts were made to determine whether it was actually vitamin 
Bio; that was being stored in the liver when the material was injected, 
Unfortunately, the concentration of the vitamin By-active compounds 
was so low that clearly separated zones could not be obtained when the 
liver samples were chromatographed. 

The urine collected from the vitamin B,.;-injected rats was tested suc- 
cessfully by means of paper chromatography. A 3 day sample of urine 
was saturated with ammonium sulfate and then extracted with n-butanol. 
Enough of the butanol extract was spotted on the paper strips so that 
5 myugm. of vitamin B.-active materials were present on each strip. The 
strips were developed with water-saturated sec-butanol at room tempera- 
ture for 20 hours. Only vitamin Bie; and a faint zone corresponding to 
the slow moving compound could be detected in the urine. 

Distribution in Natural Materials—Paper chromatography in conjunction 
with the bioautographic technique was applied to the study of the dis- 
tribution of vitamin By; in various natural materials. The solvent system 
used was water-saturated sec-butanol with descending development for 
20 hours at room temperature. 

Fecal samples were collected immediately after defecation and dried 
for 6 hours at 90°. They were then ground to pass a 200 mesh screen. 
Sheep rumen contents, obtained through a fistula,® were dried and ground 
in the same manner as the feces. 10 gm. of the material were boiled with 
100 ml. of water for 10 minutes to release and extract the vitamin B,- 
active materials. The mixture was filtered and concentrated under a vac- 
uum to approximately 20 ml. A 1:10 homogenate was made of liver 
samples, which was then heated in a boiling water bath for 10 minutes, 
filtered, and concentrated. These preparations were assayed microbio- 
logically with L. leichmannii for total vitamin By: activity and then spotted 
on the paper strips with a micro pipette so that 5 mugm. of vitamin By 
active compounds were present on each strip. The results obtained 
are shown in Fig. 3. Table III contains the microbiological assay values 
of the fecal samples. 

Vitamins By and By; gave sharp, slightly elliptical zones of growth with 
negligible tailing. The spots obtained with the natural materials were 


6 Supplied by W. G. Hoekstra, Department of Biochemistry, University of Wis- 
consin. 
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definite, but there was considerably more tailing. Vitamin By»; was found 
in the feces of the horse, sheep, cow, pig, chicken, guinea pig, and man. 


q 


Horse Chicken Cow Sheep Rumen 
Feces Feces Feces Feces Feces Contents 


6 


Rat Rat Beef Bio 
Feces Cecal Liver Liver 


Contents 


Fic. 3. Distribution of vitamin By, in various natural materials 


TaBLe III 
Vitamin B,. Content of Fecal Samples As Measured by L. leichmannii 

| Activity as 

Sample vitamin Bis, 

dry weight 


* Vitamin By in the diet. The values reported previously ((1) Table III) are 
for dry weight instead of wet weight. 
From the area and density of the zones, there appeared to be a higher 
concentration of vitamin Bi, and the slow moving compound than of 


vitamin By. No quantitative work was carried out in this respect, and 
this conclusion was drawn solely from the complete absence of the vitamin 
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Bie zone or, if present, from its relative size and density on the agar plate 
The densest vitamin Bz. spot was obtained with the chicken feces, wp. 


doubtedly caused by the presence of a vitamin Bi: concentrate in the die § 


of the chickens. The other farm animals and guinea pigs received 1 
dietary source of vitamin Biz. The human feces were obtained from jp. 
dividuals eating a normal mixed diet. While no definite statement cay 
be made concerning the actual concentration of the various forms of vite. 
min By in these fecal samples, the data do indicate that vitamin By», o 
at least a compound with an Fy value similar to vitamin Byo,, is present 
in the intestinal tract of numerous types of animals. 

Groschke et al. (21) have reported that fresh pig manure contained no 
vitamin Bye activity for the chick, while incubated pig manure was highly 


active. Since vitamin Bz, and not vitamin By. was noted in fresh pig 


manure, it appeared of interest to determine the forms of vitamin B;; 
present after incubation. Manure samples from pigs receiving no vitamin 


Biz supplement were collected and divided in half. One portion was imme. | 


diately dried at 90° for 6 hours and the other allowed to incubate for 4 days 


at 37°. The two samples were then analyzed by paper chromatography } 


by the procedure described above. Only vitamin By; and the slow moving 
compound were detected in the fresh manure, while these two forms to- 
gether with vitamins By. and Bia were noted in the incubated manure. 
The fresh pig manure had a microbiological assay value of 40 y per 100 gm., 
the incubated 160 y per 100 gm. (dry weight). 

Vitamin Bis; was found in the fecal matter of rats fed the corn-soy bean 
meal ration (1) whether or not they received additional cobalt. The 
new compound was also present in the feces of rats raised on a complete 
stock diet and in the fecal matter of rats fed a purified casein-sucrose diet. 
The rat fecal samples could not be collected absolutely fresh in sufficient 
quantities. To determine whether vitamin Bi, was actually produced 
in the intestinal tract and not synthesized after defecation, cecal contents 
of rats were removed, immersed in alcohol, and immediately dried. The 
dried material was extracted and chromatographed as described above. 
Under these conditions, only vitamin Bys, and the slow moving compound 
were detected. No vitamin Bi. was noted. Since the Ry values of the 
slow moving compound and vitamin By,» are very similar, while the vita- 
min By and vitamin By: zones are quite widely separated, the cecal con- 
tents were treated with KCN in order to convert any undetected vitamin 
Biy into vitamin By. A water extract of the cecal contents (from rat: 
fed the corn-soy bean meal diet) containing 3 y of vitamin By activity 
was allowed to react with 3 mg. of KCN at pH 6.5 for 5 hours at room 
temperature. 5 myugm. of vitamin B,.-active materials were then spotted 
on strips and chromatographed. No vitamin By: zone was detected, but 
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the vitamin Bis; zone appeared more dense than in samples of untreated 
eecal contents. ‘Therefore, it is assumed that these samples contained 


 jittle if any undetected vitamin Bi». 


Sheep rumen contents and one sample of fish solubles were also found 
to be sources of vitamin By. Only a small amount appeared to be pres- 
ent in the sample of fish solubles tested and the major portion of the vita- 


~ min By-active materials could be attributed to vitamins Bz and By». 


However, since only one sample of fish solubles was available for testing, 
these results cannot be considered representative. Rumen contents con- 
tained considerable vitamin Bis; and the slow moving compound together 
with some vitamin By. Vitamin By, could not be detected in either rat 
or beef liver, nor was it noted in Reticulogen. The rat liver was obtained 
from rats fed a stock diet containing whole liver powder. 


DISCUSSION 


Since vitamin Biz, has been found to be a cyanide complex, it can be 
assumed that it is not an analogue of vitamin By. formed by the replace- 
ment of the cyanide anion. The marked difference in the physiological 
action of the two substances also indicates that the structural difference is 
greater than simply a change in the anion coordinated to the cobalt atom. 
All of the anion analogues of vitamin Bi, that have been reported (22, 23) 
possess growth-stimulating properties in rats and chicks, but vitamin 
Bi is inactive in this respect. 

Although vitamin Bis; was found in considerable quantities in the fecal 
matter of numerous types of animals, no physiological function in higher 
animals has been noted. Furthermore, the fact that it is present in the 
intestinal tract and yet absent from the liver is puzzling. Under normal 
conditions, vitamin Biz; may be bound in the cells of the microorganisms 
which, presumably, synthesize it in the intestinal tract, and may, there- 
fore, be unavailable to the host. This does not necessarily explain why 
orally administered vitamin Bis; is not detected in the rat’s liver. Like- 
wise, when vitamin By»; is injected, the vitamin Biz activity of the liver is 
less than when an equivalent amount of vitamin By is given. It would 
appear that vitamin Bi; is broken down in some manner before or after 
reaching the liver. Assuming that vitamin Biz, and pseudovitamin By». 
are identical, an explanation may be that the vitamin B,»;, containing aden- 
osine (24) instead of the ribazole moiety (25), is cleaved by certain ribo- 
nucleosidases (26) and does not remain intact within the body. It would 
be of interest to know whether ribonucleosidases are capable of inactivating 
vitamin By, and not vitamin By. If such an inactivation does take place, 
it is not complete, since some injected vitamin Bis; is detected unchanged 
in the urine. 
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The question also arises as to what actually is the active form of vita- 
min By. Microorganisms appear to use both vitamin By». and vitamin 
Bye interchangeably, but it is not known whether one form must be con- 
verted into the other before it is physiologically active. 

A comparison of the rat and chick growth data and the R»r values ob- 
tained with vitamin B,.; and pseudovitamin By. suggests that the two are 
identical.’ The only difference noted is in their absorption spectra. 
While both possess an absorption maximum at 278 muy, this peak is much 
larger in vitamin By; than in pseudovitamin B,.; otherwise, the spectra 
are nearly identical. Since such small quantities of vitamin Bye are being 
handled, it may be that a slight trace of an impurity which absorbs in the 
278 muy region is still present and is responsible for the strong peak in 
Vitamin Byor. 

Hausmann (27, 28) has reported a bound form of vitamin By», in cow dung 
and in fish solubles which is inactive in pernicious anemia until digested 
with a proteolytic enzyme or treated with HCN. Since in the isolation of 
vitamin Byes both boiling and enzyme digestion are employed, it is un- 
likely that vitamin B,.; is a bound form. Vitamin Bo; has not been tested 
in pernicious anemia; however, pseudovitamin By» fails to cause a remis- 
sion of symptoms. Wijmenga’s vitamin B,2,,° from pig manure is active 
in pernicious anemia. 

The growth-promoting property of vitamin Byes in the L. letchmanni, 
FE. coli, and Euglena assays indicates that caution should be used in analyz- 
ing materials in which bacterial action is known to have taken place. 


SUMMARY 


Vitamin By,»;, isolated from rat feces, has been shown to be a ecvanide 
complex. It is completely inactive in promoting growth in the rat and 
chick, but does possess growth-stimulating properties in Lactobacillus leich- 
mannit, Escherichia coli, and EFuglena gracilis. 

In the rat orally administered vitamin By»; is excreted primarily by way 
of the feces, while, when ‘injected, elimination is principally through the 
kidneys. A definite increase in vitamin By activity of liver was noted 
with injected vitamin Bys;, but, when orally administered, only a slight 
increase took place. 

By paper chromatography a compound with an FR, value corresponding 


7 An exchange sample of pseudovitamin B,2, supplied by Dr. H. W. Dion, Parke, 
Davis and Company, Detroit, Michigan, was chromatographed according to our 
procedure. One major zone and a faint, slow moving zone were detected. These 
two spots corresponded exactly in Ry values to the two zones obtained with vitamin 
By or. 

* Wijmenga, H. G., doctoral thesis, Utrecht, by personal communication. See 
also the review by Wijmenga and Veer (29). 
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to vitamin By; was noted in the fecal matter of the cow, sheep, pig, horse, 
chicken, guinea pig, and man. Sheep rumen contents were also a source 
of the compound. No vitamin Bix, was detected in rat or beef liver nor 
in Reticulogen. 


Data are presented which suggest that vitamin By»; is identical with 


pseudovitamin By». 


We are indebted to KE. A. Hawk and A. M. Brandt for help with these 


studies. 
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A SIMPLIFIED PHOTOMETRIC METHOD FOR THE 
DETERMINATION OF CITRIC ACID IN 
BIOLOGICAL FLUIDS 


By RICHARD H. ETTINGER, LEO R. GOLDBAUM, ano 
LLOYD H. SMITH, Jr. 


(From the Army Medical Service Graduate School, Walter Reed Army Medical Center, 
Washington, D. C.) 


(Received for publication, June 11, 1952) 


Studies on the oxidation and bromination of citric acid to pentabromo- 
acetone were reported as early as 1847 by Cahours (1). ‘This reaction has 
since formed the basis for many of the procedures for determining citric 
acid. A qualitative test by Stahre (2), reported in 1897, was adapted for 
quantitative analysis by Kunz (3). Pucher, Sherman, and Vickery (4) 
described the first microphotometric method, using the reaction of penta- 
bromoacetone with sodium sulfide for color development. Their procedure, 
measuring 0.1 and 1.0 mg. of citric acid, was later discarded in favor of a 
titrimetric method (5). More recent photometric modifications include 
those of Taussky and Shorr (6), color development with sodium iodide, 
Wolcott and Boyer (7), potassium iodide, and Natelson, Pincus, and 
Lugovoy (8), thiourea. Attempts to apply these methods to the measure- 
ment of micro quantities of citric acid have prompted search for a technique 
having greater sensitivity and simplicity. 

This report describes a simplification of the procedure for the oxidation 
and bromination of citric acid to pentabroznroacetone. The reaction of 
trihalogenated hydrocarbons with alkaline pyridine, described by Fujiwara 
(9), has been adapted to the measurement of the pentabromoacetone. The 
resulting photometric procedure measures amounts of citric acid in the 
range of 2 to 40 y and is accurate to +5 per cent. The method may be 
used on a variety of biological materials and requires only common labora- 
tory equipment. 

Reagents— 

1. Sulfuric acid, 9 Nn. A dilution of concentrated sulfuric acid 1:4 with 
water. 

2. Metaphosphoric acid, 40 per cent. 80.0 gm. in 200 ml. of solution. 

3. Potassium bromide, 2 mM. 47.6 gm. in 200 ml. of solution. 

4. Potassium permanganate, saturated solution. 13 gm. in 200 ml. of 
solution. 

5. Hydrogen peroxide, 6 per cent, commercial grade. 

6. Heptane, practical grade. 
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7. Potassium hydroxide, 30 per cent. 150 gm. in 500 ml. of solution, 

8. Pyridine, analytical grade. This reagent must be redistilled if it does 
not remain colorless when heated to 80° with strong alkali. 

9. Citric acid, stock standard. 100 mg. of anhydrous citric acid, ana- 
lytical grade, in 100 ml. of 1 N sulfuric acid. A working standard solu- 
tion is prepared daily by diluting the stock standard 1:200 with water. 


Procedure 


Filtrates of heparinized whole blood, serum, plasma, or tissue homogenate 
are prepared by standard tungstic acid technique. Urine is used in an 
untreated state except when excessive amounts of protein are present; the 
latter may be removed by acidification and gentle boiling, followed by 
filtration. The solutions to be tested are adjusted by dilution with water 
to contain 0.5 to 10.0 y of citric acid per ml. 4.00 ml. of the working 
standard solution of citric acid are analyzed concurrently with the test 
solutions. This is equivalent to a blood level of 50 y per ml. if a 1:10 
dilution of blood is made during deproteinization. 

4.00 ml. of filtrate are mixed with 1.00 ml. of sulfuric acid and 0.25 ml. 
of metaphosphoric acid in a glass-stoppered tube of 15 to 20 ml. capacity. 
The tube is cooled in an ice water bath to a temperature of 15° or lower. 
The entire procedure is conducted at this temperature, with the exception 
of heating for color development. 0.5 ml. of potassium bromide and 1.5 
ml. of potassium permanganate are added and stirred. The mixture is 
allowed to stand for 10 minutes, then decolorized by the dropwise addition 
of hydrogen peroxide with stirring. Care must be taken to avoid adding 
an excess of peroxide. 6.00 ml. of heptane are added and the tube is 
stoppered and shaken for | minute. 

When separation of the layers is: complete, a 5.00 ml. aliquot of the 
heptane is removed and added to an Evelyn macro cuvette containing 2.00 
ml. of potassium hydroxide and 4.00 ml. of pyridine.’ The cuvette is 
stoppered with a lead foil-covered cork and agitated vigorously for 30 
seconds, avoiding contact of the reaction mixture with the foil-covered 
stopper. The cuvette is placed in a water bath of 80° for 4 minutes, during 
which time a red color develops in the pyridine layer. ‘The cuvette is again 
agitated for a few seconds, then quickly cooled in an ice water bath. The 
chilled mixture is centrifuged at 2000 r.p.m. for 10 minutes to achieve 
complete separation of the potassium hydroxide, pyridine, and heptane 
layers. The color-containing pyridine phase must be free of turbidity. 
Transmittancy is measured in an Evelyn photometer with a 520 mu filter 
and a reagent blank at 100 per cent. The “6 ml.” slit is used to place the 


1 It is advisable to use a burette with a Teflon stop-cock for measuring pyridine. 
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red-colored pyridine layer in the light path. Approximately | hour is re- 
quired for the determination of citric acid by this procedure. 


Results 


The spectral absorption curve of the color produced by the reaction of 
pentabromoacetone with alkaline pyridine is illustrated in Fig. 1. These 
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WAVELENGTH - MILLIMICRONS 
Fig. 1. Spectral absorption curve of the reaction product of pentabromoacetone 
and alkaline pyridine. The pentabromoacetone concentration is equivalent to 5 > 
of citrie acid per ml. of pyridine. 
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CITRIC ACID- MICROGRAMS / ML 
Fig. 2. Relation of absorbancy to concentration of citric acid immediately after 
completion of the determination and after standing for 16 hours at 25°. 


determinations were made on a Beckman model DU spectrophotometer at 


25° with a 1 cm. light path. Maximal absorption occurred at 530 mu. 
The color slowly increases in intensity over a period of 24 hours if the 
reaction mixture is allowed to stand at room temperature. Within 16 


hours, however, the transmittancy at any given time is directly propor- : 
tional to the concentration, as illustrated in Fig. 2. 
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Examples of recovery studies performed in duplicate with citric acid 
added to whole blood are given in Table I. These and similar data show 
that good recovery of added citric acid was achieved. As a corollary, 
pentabromoacetone was prepared in pure form and used as a standard 
against which known amounts of citric acid were measured. It was found 
that 92.8 to 98.2 per cent of the citric acid was converted to pentabromo- 
acetone by the described method. 

Replicability of the method was demonstrated by performing twenty 
determinations on a single sample of citric acid. The mean value obtained 
was 20.0 y per ml.; the individual values ranged from 18.9 to 20.9 y per mi. 

‘Twenty-four determinations were done in duplicate on whole blood from 
twenty normal persons in the fasting state. The mean value was 15.2 7 
per ml., with a range of 8.1 to 19.7 y per ml. 


TABLE I 
Recovery of Citric Acid Added to Whole Blood 
Blood level of citric acid, 11.84 y. 


| Citric acid 


Sample No. 
Added | Found Recovered 
1 4.00 | 15.86 | 100.5 
2 4.00 | 15.71 | 96.8 
3 8.00 20.01 | 102.1 
4 8.00 ! 19.95 | 101.4 


The following compounds, at concentrations equivalent to blood levels of 
500 y per ml., produced no detectable pentabromoacetone with this method: 
isocitrate, aconitate, a-ketoglutarate, oxalosuccinate, succinate, fumarate, 
malate, malonate, oxalacetate, acetate, pyruvate, lactate, glucuronate, glu- 
conate, glutamate, aspartate, glycine, cystine, methionine, leucine, alanine, 
heparin, acetone, ethanol, ethyl ether, acetoacetate, and 6-hydroxybuty- 
rate. At concentrations equivalent to blood levels greater than 2000 y per 
ml., a small but measurable amount of color is produced by acetoacetate 
and 8-hydroxybutyrate. Glucose and fructose, at concentrations equiv- 
alent to blood levels of 5000 y per ml., produced no color. Trihalogenated 
compounds, such as chloroform, bromoform, chloral hydrate, and trichloro- 
acetic acid, produced positive reactions. 

The sensitivity of the pyridine reaction was compared with that of other 
methods in common use by determination of molar absorbancy indices (10). 
The final color development of each method was performed on pure penta- 
bromoacetone in strict adherence to the instructions of the respective 
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authors. ‘The volumes of the reaction mixtures were the same in all cases. 
All determinations were performed at the recommended wave-lengths on a 
Beckman model DU spectrophotometer at 25° with a 1 cm. light path. 
The results, presented in Table II, show that the pyridine reaction is the 
most sensitive in the visible light range. If determined in the ultraviolet 
range as recommended, the sodium iodide method of Taussky and Shorr 
(6) is most sensitive; at 400 mu, however, it becomes less sensitive than 
the pyridine reaction. 


TABLE II 
Molar Absorbancy Indices of Pentabromoacetone Reactions 
Method Wave-length Molar 


DISCUSSION 


Hargreaves, Abrahams, and Vickery (11) have contributed much to the 
development of optimal conditions for the oxidation-bromination of citric 
acid. They found that metaphosphoric acid prevented the precipitation 
of manganese dioxide, thus freeing the reaction from many previously rigid 
controls. | 

In the method described, initial boiling of the filtrate with sulfuric acid 
has been eliminated, since it is not necessary for either the oxidation of 
citric acid or the removal of interfering substances. The amounts of 
bromide and permanganate in the reaction mixture are critical. It was 
found that amounts smaller than those recommended decreased the yield 
of pentabromoacetone when large amounts of citric acid are present. 
Greater concentrations of bromide and permanganate produce free bromine 
which reacts with alkaline pyridine. 

Potassium hydroxide, in the concentration and volume recommended, 
was found to separate from pyridine most easily. Heating the final reac- 
tion mixture between 3 and 5 minutes at 80° produced maximal color 
intensity, while continued heating produced a persistent decrease in in- 
tensity. Rapid chilling in ice water prevents deterioration of the color 
and greatly facilitates separation of the phases during centrifugation. 

Variations in this procedure may be made to conform to the requirements 
of the test material or the equipment available. A large volume of test 
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solution having low citric acid concentration may be reduced by boiling in 
an oil bath at less than 120°. The absolute amounts of potassium hy- 
droxide and pyridine may be varied to place the pyridine layer in the light 
path of various types of photometers. Micro cuvettes may be used for 
an aliquot of the pyridine pipetted out of the 3-phase system after centrif- 
ugation. The use of micro cuvettes having extended light paths increases 
the apparent sensitivity of the reaction. 


SUMMARY 


A photometric method for the determination of citric acid as penta- 
bromoacetone has been presented. A simplified oxidation-bromination 
procedure has been introduced and the reaction of pentabromoacetone with 
alkaline pyridine has been developed for color production. The method is 
suitable for the measurement of 2 to 40 y of citric acid and possesses a 
high degree of specificity and accuracy. 


The authors gratefully acknowledge the assistance of Miss Sara Lightcap. 
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DETERMINATION OF INORGANIC SERUM PHOSPHATE BY 
MEANS OF STANNOUS CHLORIDE* 


By BENJAMIN N. HORWITT 


(From the Department of Medicine, Tulane University School of Medicine, and the 
Endocrine Research Laboratory, Alton Ochsner Medical Foundation, 
New Orleans, Louisiana) 


(Received for publication, June 23, 1952) 


One of the experimental projects of our laboratory required multiple 
determinations of inorganic phosphate levels of rat blood. The popular 
Fiske-Subbarow method (1) requires too much material for our purpose. 

The use of stannous chloride as a reducing agent for determination of 
phosphate in biological material was first suggested by Denigés (2). It 
was later used by Kuttner and Cohen (3) and modified by Kuttner and 
Lichtenstein (4). These writers reported that the blue color was 10 times 
the intensity of that obtained by the method of Fiske and Subbarow. 
Shinowara et al. (5), using stannous chloride and special techniques, were 
able to determine the phosphate in as little as 0.06 ml. of serum. How- 
ever, major disadvantages of stannous chloride as a reducing agent have 
been the dependence of color intensity on time and pH. The color in- 
creases with pH and with concentration of molybdate. Recently, Polley 
(6), who reviewed some of the methods for determination of inorganic 
phosphate, concluded that stannous chloride is the most sensitive of the 
reported reducing agents. He (6) proposed a procedure which is not too 
dependent on the time factor. Whereas this method, in our hands, pro- 
duced a color which is reasonably constant with time at any one point, it 
has been difficult to produce good curves conforming with Beer’s law. In 
addition, colored blanks of varying intensities made it difficult to repro- 
duce curves. 

The foregoing objections have been overcome in the method described 
below. Color intensity is essentially constant during the 10 to 25 minute 
interval after the start of color development. Blanks are colorless. Varia- 
tion due to pH is eliminated. Curves are reproducible and conform with 
Beer’s law. As little as 1 y of phosphorus can be determined with ordin- 
ary techniques and glassware, by use of a Coleman model 6A spectro- 
photometer. The method compares favorably with that of Fiske and 
Subbarow. 

Pe This investigation was supported by research grants from the American Cancer 
iety. 

A Ne a report of this work was presented at the meeting of the American 
Society of Biological Chemists at New York, April 14-18, 1952. 
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Solutions—Solution A, 10 per cent trichloroacetic acid; Solution B, | 
per cent ammonium molybdate; Solution C, 3 gm. of stannous chloride 
in 10 ml. of hydrochloric acid; Solution D, 0.2 ml. of Solution C in 100 
ml. of distilled water (made shortly before use); Solution E, 15 per cent 
trichloroacetic acid. 


Procedure 


The protein-free filtrate is prepared by the addition of 0.4 ml. of serum 
to 3.5 ml. of water. 1.0 ml. of 15 per cent trichloroacetic acid is then 
added and mixed. After 5 minutes the mixture is centrifuged or filtered. 
The standards, representing different concentrations of phosphorus, are 
made from solutions of KH»PO, and processed in the same manner as 
serum. 


TABLE I 
Effect of Time on Optical Density 


Phosphorus in mg. per 100 ml, 


2 mg. ae 6 mg. 8 mg. 10 mg. 


Min. after color 
development 


Optical density readings 


10 0.116 | 0.222 | 0.330 | 0.439 0.554 
15 0.110 0.218 0.327 | 0.434 0.548 
20 0.115 0.223 0.322 | 0.432 0.551 
25 0.114 0.222 0.326 | 0.429 0.547 


0.5 ml. of the supernatant fluid or filtrate (standard or unknown) is 
added to 5.0 ml. of Solution A in a colorimeter tube and mixed. To this 
is added 0.5 ml. of Solution B. Mix and wait 7 minutes. Add 0.5 ml. 
of Solution D; mix. After 15 minutes readings are made at 660 mu. 

Should one wish to run the determination on less than 0.4 ml. of serum, 
it is accomplished by bringing the volume to 0.4 ml. by the addition of 
water. If the concentration of phosphorus is expected to be low, the 
volume is brought to 0.2 ml. with water and the protein-free filtrate 1s 
prepared with half the volumes of the method described above. ‘The 
remainder of the determination remains the same. 


Results 


Table I shows the average values obtained at different times and con- 
centrations. These values represent numerous independent observations 
and different solutions. The variations of the readings with time are 
small and within the limits of accuracy required for ordinary blood studies. 
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Fig. 1 illustrates this point graphically and the fact that the curve ob- 
tained follows Beer’s law. 


0.600 


0.500F 


O 
Oo 
Oo 


0.300 


O100k 


Optical Density 


Oo 
Oo 


2 4 6 8 lo 
Conc. Phosphorus mg. per 100 mi. 


Fig. 1. Calibration curve with stannous chloride. Effect of time on color in- 
tensity. 


TABLE II 
Accuracy of SnCl, Method As Determined from Known KH2PO, Solutions 


Calculated value Experimental value A 
4.5 4.5 0.0 
4.5 4.5 0.0 
5.5 5.5 0.0 
9.5 5.4 —0.1 
10.0 10.4 +0.4 
10.0 9.8 —0.2 
10.0 10.0 0.0 
11.0 10.5 
16.2 16.2 0.0 
16.2 | 16.4 +0.2 


Table II shows the results of the method when used to determine the 
amount of phosphorus in water solutions of KH2PO,. In all cases the 
differences are less than 5 per cent from the true value and in all but two 
cases are 2 per cent or less. 


Am) 
x 10 min. 
15 min. 
min. 
v25 min. 
| 
All values expressed as P in mg. per 100 ml. 3 
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Recoveries from blood serum are illustrated in Table TIT. Known 
amounts of phosphorus were added to blood serum whose phosphorus 
TaB_eE 
Recovery of Inorganic PO, from Serum 
1.0 ml. of phosphorus solution added to 1.0 ml. of serum containing 6.0 mg. of 
P per 100 ml. All values expressed as +P in mg. per 100 mi. 
Concentration P added | Theoretical P Experimental P | A 
0.0 3.0 2.8 —0.2 
2.0 4.0 3.9 —0.1 
2.0 4.0 4.1 +0.1 
4.0 3.0 4.8 —0.2 
4.0 5.0 5.2 +0.2 
6.0 6.0 5.9 ~0.1 
6.0 6.0 6.2 +0.2 
8.0 7.0 6.8 —0.2 
TABLE IV 
j Comparison of Values Obtained on Blood Serum by Fiske-Subbarow and SnClz Methods : 
All values expressed as 3P in mg. per 100 ml. 
Fiske-Subbarow | SnCle | eet 
3.4 3.4 | 0.0 
2.9 2.8 —Q.1 
2.8 | 2.9 +0.1 
2.8 2.9 | +0.1 
2.9 | 2:8 | —0.1 
2.9 | 2.9 0.0 
3.4 3.3 —Q.1 
3.8 3.8 0.0 
3.2 3.3 +0.1 
4.3 | 4.1 —Q.2 
3.8 | 3.6 —0.2 
content had been determined. The resultant value was then obtained 
experimentally and compared with the calculated value. It is seen from = | 
the results that the experimental value is usually within 4 per cent of the 
calculated value. 
Independent determinations were run on the same blood serums by the 
stannous chloride and the Fiske-Subbarow methods, since the latter is 
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widely accepted and recognized for its accuracy. As can be seen in Table 
IV, the values obtained by the two methods differ only slightly. 


SUMMARY 


An improved stannous chloride method for the determination of in- 
organic blood phosphate is presented. ‘The color intensity is stable for at 
least 25 minutes. By this method 1 y of phosphorus can be determined 
without any special equipment or techniques, and probably with adapta- 
tion of microtechniques less phosphorus also. The accuracy of the pro- 
cedure compares favorably with that of Fiske and Subbarow. 


The assistance of Dr. Otto Schales in obtaining human blood serums 
and comparative determinations with the Fiske-Subbarow method is grate- 
fully acknowledged. 
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CHOLESTEROL SYNTHESIS BY LIVER 
II. EFFECT OF HYPOPHYSECTOMY* 


By G. M. TOMKINS,} I. L. CHAIKOFF, anp L. L. BENNETT 


(From the Department of Physiology of the University of California School 
of Medicine, Berkeley, California) 


(Received for publication, April 28, 1952) 


Since the steroid-producing endocrines (ovary, testes, and adrenal) are 
under the control of the anterior pituitary gland, it became of interest to 
determine whether the latter exercised a similar regulation of cholestero- 
genesis in the liver, the tissue most active in this respect. It is shown here 
that the liver of the hypophysectomized rat loses almost completely the 
ability to convert acetate to cholesterol. Thus, it would appear that 
the pituitary controls the rate of steroid production in non-endocrine as 
well as in endocrine target organs. 


EXPERIMENTAL 


Male rats of the Long-Evans strain were fed ad libitum an adequate 
diet containing 55 per cent carbohydrate, 26.5 per cent protein, and 9 per 
cent fat. Hypophysectomy was performed via the parapharyngeal route. 
Rats subjected to a sham hypophysectomy were used as controls. In 
this operation the rat was anesthetized, the base of the skull opened, and 
the pituitary gland manipulated but not removed. The animals were 
sacrificed by a sharp blow on the head, and their livers were quickly ex- 
cised and placed in an ice-cold bicarbonate buffer (1). Slices were pre- 
pared free-hand, with a thickness of about 0.5 mm., and 500 mg. portions 
of slices were incubated for 3 hours at 37.5° in the buffer to which had been 
added carboxyl-labeled acetate. CO. and cholesterol-C™“ determinations 
were made as described in a previous report (2). 


Results 


Two groups of rats were used. Those recorded in Table I were allowed 
to eat ad libitum; the rats that were subjected to hypophysectomy or to 
the sham operation were sacrificed at intervals of 1 to 30 days after the 
operation. The rats listed in Table II received no food after the operation 
und were sacrificed 20 hours later. 

Table I shows that the liver of the hypophysectomized rat fed ad libitum 


* Aided by grants from the Life Insurance Medical Research Fund and from 
the United States Public Health Service. 
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loses, to a great extent, the capacity to convert added acetate to choles- 
terol. At necropsy, food was found in the gastrointestinal tracts of all 
rats of this group. 


TABLE I 
Effect of Hypophysectomy on Cholesterol Synthesis by Liver Slices of Rats Fed 
ad Libitum 
Long-Evans male rats. 500 mg. of slices from each liver were incubated in 
Krebs-bicarbonate buffer at 37.5° for 3 hours in the presence of carboxyl-labeled 
acetate. 


No. weight weight Treatment | bath 

gm. gm. uM 2 C.p.m. 

1 | 128 4.5 | Normal 2 (1.28 1081 17.5 5.18 
2 | 122 4.5 os 2 | 1.28 10%] 20.8 6.03 
3/110 4.0 2 11.28 18.9 4.93 
4 | 180 7.0 | Sham operation 2 '|7.5 10° | 37.6 3.41 
140 * 2 17.5 105 | 32.4 5.45 
6 170 7.0 1 2 17.5 X 105| 35.4) 5.15 
7 7.0 | Hypophysectomized 1 |1.12 39.4) 0.31 
$i iss | 5.5 | 1 | 1.12 10%] 41.1 | 0.08 
9 117 4.4 1 1 | 1.12 * 10°} 42.6 | 1.15 
10 120 4.0 1 | 1.12 * 10% | 39.6] 0.23 
11 96 3.5 1 1 | 1.12 & 10°] 35.0} 0.38 
12 147 5.0 3 2 |1.28 19.4 | 0.02 
13. 183 6.0 3 2 | 1.28 10° 20.8] 0.02 
14. 182 5.5 3 2 | 1.28 21.1 | 0.01 
15 148 5.6 3 1 |7.3 X 40.0} 0.01 
16 152 6.4 3 1 |7.3 X 105} 39.0; 0.07 
17 136 5.8 3 1 17.3 105 | 37.5 | 0.01 
18 272 8.5 | 2 | 1.20 X 10% {| 20.0! 0.00 
19 256) 12.5 11 2 1.20 21.4 0.03 
20 | 267 8.0 11 2 |1.20 K 10% | 22.3 0.00 
21 | 228 9.0 ll 2 | 1.20 10% | 25.4) 0.00 
22 | 262 10.0 11 2 | 1.20 10°] 28.2! 0.01 
23 | 100 4.2 " 30 1 | 2.27 * 10%}; 40.1. 0.39 
24) 95 3.0 30 1 | 2.27 10% | 37.6 0.04 
25 | 144 | 6.0 30 1 | 2.27 10° | 35.6 0.03 


The incorporation of added acetate to cholesterol was much lower in 
the liver of the hypophysectomized rat fasted 20 hours than in that of the 
similarly fasted rat subjected to the sham operation (‘Table IT). 


Comment 


In an earlier report we showed that the nutritional state of the rat can 
affect the extent of incorporation of acetate into cholesterol by its liver 
(2). The question therefore arises, whether the decrease in hepatic cho- 
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lesterogenesis observed here in the hypophysectomized rat is caused by 
an alteration in nutritional state resulting either from a reduction in 
caloric intake or a depression in the rate of intestinal absorption of food- 
stuffs which characterizes the hypophysectomized state (3). In this con- 
nection it should be noted that, in rats fed ad libitum, hepatic cholestero- 
genesis was reduced as early as 24 hours after excision of the pituitary 
gland, whereas at that interval after a sham operation the liver still re- 
tained its normal capacity to form cholesterol from acetate. Further- 
more, hepatic cholesterogenesis in rats deprived of their pituitaries for 


TaBLeE II 
Effect of Hypophysectomy on Cholesterol Synthesis by Liver Slices of Rats 
Fasted 20 Hours 
Long-Evans male rats. All animals were fasted for 20 hours postoperatively, at 
which time they were sacrificed. 500 mg. of slices from each liver were incubated 
in Krebs-bicarbonate buffer at 37.5° for 3 hours in the presence of carboxyl-labeled 
acetate. 


Per cent added 


Rat Body _—_Liiver 


No. weight weight | Treatment 
om | 
gm. gm. uM p.m. 
26 160 Hypophysectomized 1 5.6 105 27 .6 0.90 
27. «156 6.5 | l 5.6 108 28.4 0.40 
28 6.0 5.6 X 105 33.4 0.13 
29 6.0 5.6K 105 25.6 0.42 
30. 5.0 Sham operation 10° 30.3 1.38 
31 168 7.0 1 5.6 105 28.4 2.32 
32 160 7.0 1 ; 10° | 27.6 1.90 
33 150 6.5 1 | 28.4 4.20 


10° 


only 20 hours, during which food was withheld, was substantially lower 
than in similarly treated, sham-hypophysectomized control rats. The 
conclusion is drawn that the depression in cholesterogenesis resulting 
from hypophysectomy is, in part at least, due to the loss of a hormone. 


SUMMARY 


1. The incorporation of acetate into cholesterol was compared in liver 
slices prepared from normal and from hypophysectomized rats. 

2. Hepatic cholesterogenesis was greatly reduced in the hypophysec- 
tomized rat. 
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STUDIES ON THE RELATIONSHIP BETWEEN FOLIC ACID AND 
COENZYME A* 


By EDWARD M. POPP anp JOHN R. TOTTER 


(From the Department of Biochemistry, School of Medicine, University of Arkansas, 
Little Rock, Arkansas) 


(Received for publication, June 3, 1952) 


In 1944 Wright and Welch (1) showed that folic acid deficiency in rats, 
induced by feeding succinylsulfathiazole, led to a lowered pantothenic acid 
content of the liver. It is now known that practically all of the panto- 
thenic acid of liver is initially present as coenzyme A (2). A reduction of 
pantothenic acid in any organ indicates that functions requiring coenzyme 
A (CoA) may be limited in the organ. Since impairment in various bio- 
chemical processes in rats treated with sulfonamide or folic acid antagon- 
ist is often interpreted as indicating a primary function of folic acid, it 
becomes necessary to investigate the possibility that such impairment 
may be due primarily to a lowered CoA and only secondarily to folic acid 
deficiency. This problem has been discussed more fully by Totter (3). 

As an introduction to the further study of the possible relationship be- 
tween pantothenic and folic acids we have determined the coenzyme A 
content of heart and liver of animals in which a folic acid deficiency was 
induced by each of three commonly used methods. Simple dietary de- 
ficiency was induced in chicks, while rats were rendered folic acid-‘‘de- 
ficient” by succinylsulfathiazole feeding or by treatment with N-[4-{[(2,4- 
acid (aminopterin). 
The results of these studies are presented below. 


EXPERIMENTAL 


Day-old white Rock chicks were housed in a brooder kept in a room at 
constant temperature. All of the animals were given food and water ad 
libitum. The folic acid-deficient diet was similar to that employed by 
Keith et al. (4). The controls received the same diet, to which had been 
added 2 mg. of folic acid per kilo. In the diet of some of the groups, cho- 
line chloride was increased to 2 per cent. This alteration did not appear 
to affect the CoA content of the organs. ‘The chicks were sacrificed for 
the determinations after at least 3 weeks on the diet. 

In the other experiments, weanling Sprague-Dawley male rats were 


* Research paper No. 975, Journal Series, University of Arkansas. This investi- 
gation was supported in part by the Atomic Energy Commission and by a research 
grant from the National Institutes of Health, United States Public Health Service. 
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used. The diet had the same composition as that described by Kelley 
et al. (5) except that 2 per cent succinylsulfathiazole was added, replacing 
an equal amount of sucrose. Litter mate controls received the same 
diet plus 5 mg. per kilo of folic acid. Weights and food consumption 
were recorded weekly. The animals were sacrificed after 4 to 5 weeks on 
the diet, at which time daily weight gains of the deficient animals were 
very small or weight losses were observed. 

Those animals which were to be treated with aminopterin were given 
the purified rat diet without added sulfonamide until their weights were 
from 100 to 150 gm. Thereupon, white blood cell counts were made and 
daily injection with 0.10 mg. of aminopterin per 100 gm. (65 per cent 
pure!) was started. After 90 hours the animals were sacrificed. 

Coenzyme A was determined in liver and heart homogenates from each 
of the experimental animals by the method of Kaplan and Lipmann (6). 
No coenzyme A preparation of known potency was available for stand- 
ardization of the transacetylase preparation. The units were therefore 
standardized by applying a correction factor obtained from the known 
pantothenic acid content of normal rat livers (7) and the relationship be- 
tween pantothenic acid and coenzyme A given by Kaplan and Lipmann 
(6). The absolute values are therefore subject to some error, but relative 
values serve satisfactorily for comparisons. 


RESULTS AND DISCUSSION 


The results of experiments on chicks are presented in Table I. It may 
be seen that the average CoA content of folic acid-deficient chick livers 
was only 91 units per gm. as compared with the average value of 140 
units per gm. for the controls. Statistically this difference is highly sig- 
nificant (P < 0.01). A small number of determinations were also made on 
the livers of chicks receiving 0.2 mg. of folic acid per kilo of diet. The 
values were approximately the same as those for the deficient chicks. 

In contrast to the liver, the hearts of the deficient and control chicks 
showed no differences in CoA content. The elevation in heart CoA in 
the intermediate group is not statistically significant. 

Data from experiments on rats are shown in Tables II and III. The 
CoA levels in the livers of the sulfonamide-treated animals not receiving 
folic acid were markedly lower than those of their folic acid-fed controls. 
The hearts of the same animals revealed a small difference in the opposite 
direction, not statistically significant. 

The very high CoA levels in the livers of the sulfonamide-fed rats is of 
some interest. It is possible that the breakdown of absorbed succinyl- 


1 The aminopterin and folic acid used in this study were supplied by the Lederle 
Laboratories Division, American Cyanamid Company, Pearl River, New York. — 
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sulfathiazole is sufficiently great to impose a demand for the elevation of 
coenzyme A required for acetylation of the free sulfonamide. The folic 
acid-deficient animals are unable to meet this demand and therefore have 
a relative deficiency of CoA, although not an absolute deficiency when 
compared with animals not receiving sulfonamide. 


TABLE I 
CoA Content of Livers and Hearts from Folic Actd-Deficient and Control Chicks 


Units per gm. tissue 


Diet* | Heart 
| Average + s.d. | Range | Average + s.d. Range 
Deficient diet (19) | 91432 40-144 47427 | 10-114 
+ 0.2 mg. perkilo 94 + 23 76-126 76 + 26 62-114 
folic acid (4) | | 


Deficient diet + 2 mg. per kilo 140 + 44 52-190 49 + 25 24-110 
folic acid (9) | 


* The figures in parentheses represent the number of animals. 


TABLE II 
CoA Content of Livers and Hearts of Succinylsulfathiazole-Fed Rats 


Units per gm. tissue 
Diet* Liver | Heart 
Average + s.d.| Range | Average+s.d. | Range 
Folic acid-deficient (16)......... 127 + 49 62-232 | 74+ 24 20-104 
| 236 + 76 82-350 | 66 + 24f | 24-112 


* See the text for the diet. The figures in parentheses represent the number of 


animals. 
t There were only 12 determinations made in this group. 


In contrast to the chicks and sulfonamide-treated rats, the rats receiv- 
ing the folic acid antagonist showed an increase in CoA levels in the liver 
(see Table III). This increase is in part probably due to the loss in weight 
of the liver accompanying the severe inanition induced by aminopterin. 
A small reduction was observed in the heart CoA of these rats, but larger 
numbers of animals would be necessary to insure significance. Statistical 
treatment of the data indicates that the probability of these differences 
occurring by chance are greater than 0.02 but less than 0.05. That these 
animals were quite “deficient” is indicated by the white blood cell counts, 
also recorded in Table III. 
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Thus it may be seen that, while dietary depletion of folic acid in chicks 
and succinylsulfathiazole feeding of rats leads to relative reductions in 
CoA content of the livers of the experimental animals, aminopterin treat- 
ment does not result in the same change. It should not be unreasonable, 
therefore, to expect that differences in the manifestation of deficiency 
produced by different means should exist. The differences between suc- 


TaBLe III 
Data on Control and Aminopterin-Treated Rats 
Weight | | | Leucocy tes | Coenzyme A 
Initial | Final | Initial | Final | Liver Heart 
Controls 
; gm. | gm. | | gm. 1000 per yl. 1000 pak units per gm. units per on. 
136 | 142 | M. | 6.8 
142 5.8 13.1 | 19.9 98 «60 
89 96 M 5.4 20.5 21.3 188 | 70 
96 115 | 20.2 17.3 88 
| | 20.1 20.1 102 | 64 


Aminopterin-treated 


152 119 5.2 154 46 
170 127 2.2 182 54 
111 95 19.6 5.9 240 70 
105 85 1.6 176 52 
| 11.0 7.4 200 
* | 13.7 8.0 200 58 


* These animals were adult rats on which complete data were not kept. 


cinylsulfathiazole and antagonist-induced folic acid “deficiency” have been 
emphasized by Franklin and coworkers (8). Furthermore, when experi- 
ments are conducted on tissues in which the CoA as well as the folic acid 
content is low it may be impossible to determine which of the two defi- 
ciencies is responsible for whatever alteration in function may be ob- 
served. Deductions from such experiments should, therefore, be made 
with caution. 

The reason for the apparent relationship between CoA and folic acid 
may not be difficult to find. It is known that CoA contains adenylic 
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acid (9, 10). Presumably normal supplies of this nucleotide would be 
necessary to maintain normal CoA levels, even if pantothenic acid was 
present in normal or excessive quantity. Preliminary experiments have 
indicated (3) that tissue adenylic acid and adenosinetriphosphate are re- 
duced in folic acid deficiency. Such a result is in harmony with the 
supposed function of folic acid and may be the precipitating cause of the 
CoA deficiency. A low adenylic acid production may also be reflected in 
low tissue supplies of other coenzymes containing the nucleotide. How- 
ever, this possibility has not as yet been investigated. 

It seems not unreasonable that CoA or other adenylic acid-containing 
coenzymes are involved in the enzymatic formation of purines. There- 
fore a self-depressive cyclic mechanism might well be present in folic acid 
deficiency if this vitamin (or its coenzyme form) also functions per se in 
purine formation. Such a mechanism would explain quite satisfactorily 
the fulminating character of folic acid deficiency in monkeys (11). 

However, this mechanism would not suffice to explain the similar char- 
acter of aminopterin-induced “deficiency” in the rat unless it could be 
shown that the CoA (or other coenzyme) content of bone marrow was 
very rapidly reduced by the antagonist treatment. Olson and Kaplan 
reported (12) that the liver CoA of rats is not appreciably reduced for at 
least 2 weeks on a pantothenic acid-deficient diet. It seems likely that a 
longer lapse of time than the 4 days of the present experiment would be 
necessary to reduce the liver CoA with a powerful antagonist, such as 
aminopterin, but this does not necessarily hold for other tissues. 


SUMMARY 


Coenzyme A was determined on the livers and hearts of folic acid-de- 
ficient and control chicks, of folic acid-deficient rats and rats fed folic 
acid plus succinylsulfathiazole, and of aminopterin-treated and control 
rats. 

Folic acid deficiency led to a markedly lowered CoA content of chick 
livers but not of chick hearts. Dietary succinylsulfathiazole appeared to 
elevate the CoA content of the livers of folic acid-fed rats but not that of 
the livers of folic acid-deficient rats; thus a relative CoA deficiency was 
present in the latter. 

Treatment of rats for 4 days with the folic acid antagonist, aminop- 
terin, did not reduce liver coenzyme A but slightly reduced heart CoA. 

The possible significance of these findings is discussed. 
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LEVELS OF ERGOTHIONEINE IN THE RED BLOOD 
CELL IN EXPERIMENTAL DIABETES* 


By CLARISSA H. BEATTY 


(From the cents of Biochemistry, University of Oregon Medical School, 
Portland, Oregon) 


(Received for publication, June 16, 1952) 


Interest has been aroused recently in the possible relationship of sulf- 
hydryl compounds to the etiology of diabetes mellitus. Dunn eé al. (1) 
have demonstrated that the pyrimidine alloxan is diabetogenic. Work 
by Griffiths and Collins-Williams and Bailey (2) indicates the possible 
diabetogenic action of another closely related compound, a purine, uric 
acid. This compound is effective only in rabbits in which the sulfhydryl 
reserve is markedly depleted. Leech and Bailey (3) have shown that dia- 
betogenic doses of alloxan temporarily decrease levels of blood glutathione 
and ergothioneine. It can also be shown that the administration of vari- 
ous sulfhydryl compounds will protect the animal against the diabetogenic 
effect of alloxan (4) and that a low blood glutathione potentiates the action 
of alloxan (5). Alloxan affects the 6 cells in humans (6) and Seligson eé al. 
(7) have discovered a breakdown product of alloxan in the urine of humans. 
These facts have led to the hypothesis that an abnormality in purine me- 
tabolism might lead to the production of a compound with an alloxan-like 
action, and that this compound might be a factor in the development of 
diabetes mellitus. If this is true, a low blood glutathione in the early, and 
possibly reversible stage, of diabetes mellitus would assume importance. 
However, recent work (8) has indicated that the levels of reduced gluta- 
thione in blood in diabetes mellitus are within the normal range. However, 
other abnormalities in blood sulfhydryl levels have been found. Binkley 
et al. (9) have shown a decrease in cysteinylglycine and an increase in 
y-glutamylcysteine in blood in diabetes mellitus. Moreover, a high level 
of red blood cell ergothioneine has been reported in some cases of diabetes 
mellitus (10). In order to investigate what factors could be involved in 
this unusually high ergothioneine concentration in certain cases of diabetes 
we decided to measure red blood cell ergothioneine in rats made diabetic 
by experimental means. 


Methods 


Sprague-Dawley female rats were used throughout these experiments. 
It was found that the red blood cell levels of ergothioneine and reduced 


* Supported by the Diabetic Research Foundation of Portland, Oregon. 
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glutathione are lower in young rats than in older animals (Table I). There- 
~ fore, the rats used in these experiments were between 6 months and 1 year 
of age. Diet is known to affect ergothioneine levels (11), and therefore all 
rats were maintained exclusively on Purina laboratory chow. 
Erythrocyte ergothioneine was determined by Hunter’s method (12). 
0.5 ce. of oxalated tail blood was centrifuged and the plasma removed, 
The cells were diluted to 5 ce. with acetic acid and analyzed for ergothio- 
neine. Determination on whole blood of rats is unsatisfactory, because 
something in the plasma decreases the colorimetric reading for ergothio- 
neine, although the usual pink-violet color develops. The average colori- 
metric reading for whole blood was 0.5 mg. per cent lower than the reading 
for the cells alone (n = 8, t = 3.9).!_ Reduced glutathione of blood was 
estimated by the method of Briickmann and Wertheimer (13). Hemato- 
crits were determined in duplicate with Van Allen hematocrit tubes (14) 


TABLE 
Changes in Levels of Red Blood Cell Ergothioneine and Glutathione with Age of Rat 
Red blood cell | | 
Age No. of rats Age | No. of rats | he eed cel 
wks. mg. per cent wks. | mg. per cent 
6 s 3.6 + 1.0* 1 | 6 50 + 16* 
10 12 4.8+1.5 3 5 55 + 10 
25 27 6.5 + 2.6 10 10 107 + 15 
52 8 6.8 + 1.2 25 10 108 + 12 


* Standard deviation. 


on 0.01 cc. of blood, and the mg. per cent of red blood cell ergothioneine 
and reduced glutathione were calculated. 

Blood glucose concentrations were determined by Somogyi’s method 
(15). 

10 mg. per 100 gm. of a 10 per cent solution of recrystallized alloxan 
monohydrate were injected subcutaneously into a series of rats fasted for 
24 hours. Another series of rats was anesthetized lightly with Nembutal 
and 95 per cent or more of the pancreas was removed. 


RESULTS AND DISCUSSION 


Considerable variability in ergothioneine levels of red blood cells was 
found from rat to rat, even in mature animals. However, replicate deter- 
minations on twelve rats, 7 to 12 days apart, showed no change in the 
average erythrocyte ergothioneine value (Table IT), and there is little vari- 
ation in the same mature rat over long periods of time. 


1n = the number of differences; t = X/(s/~/n), where X = the mean difference 
between pairs and s = the standard deviation of the observed differences. 
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The production of experimental diabetes necessitates subjecting the rat 
to considerable stress. Therefore, we exposed rats to two different kinds 
of stress and followed the levels of red blood cell ergothioneine. 6 days 
after the removal of 9 per cent of the estimated blood volume of the rat 
there was a significant increase in red blood cell ergothioneine (Table II). 
This is in agreement with Fraser (16), who reported a rise in blood ergo- 
thioneine in humans after blood donations. The hematocrit value fell 


TABLE II 
Replicate Determinations of Hematocrit and Red Blood Cell Ergothioneine 
Control Control determinations, 7-12 days later 
No. of rats | | tt for differ- tt for differ- 
Hematocrit* | Ergothioneine Hematocrit | ence in | Ergothioneine a 
| hematocrit thioneine 
| meg. per cent | meg. per cent 

12 44 + 3.8] | 6941.9, 4644.5 = 1.5§ | 6.7 + 2.0 0.7§ 


Levels before and 6 days after removing 9% of estimated blood volume 


6 | 51 + 1.8 | 5.0 + 0.7 | 8841.6 | 3.7 7.6 & 1.0 | 11.2! 


Levels 1 wk. (control) before and at termination of 3 day fast 


12 48 4 4.3 | 5.1 + 1.3 | 50 5.3 1.39 (6.0 41.8) 3.79 


* Hematocrit = volume per cent of red blood cells. 

tt = X/(s/\/n), where X = the mean of the differences between pairs, s = the 
standard deviation of the observed differences, and n = the number of differences. 

t Standard deviation. 

§ ¢ value at 5 per cent level, 2.2. 

|| t value at 1 per cent level, 4.0. 

{t value at 1 per cent level, 3.1. 


slightly following hemorrhage, but the decrease was not statistically signifi- 
cant with this number of rats. A 3 day fast also caused a significant in- 
crease in red blood cell ergothioneine (Table II), again with no significant 
change in hematocrit value. 

Ergothioneine levels of red blood cells were determined on twelve rats 
before and after the production of alloxan diabetes (Table III) and showed 


‘nochange. For instance, Rat 4 had a control ergothioneine concentration 


of 7.3 mg. per cent; after a 54 day period, during which time the blood 
sugar was consistently above 400 mg. per cent, the concentration was 6.7 
mg. per cent. 

In the partially depancreatized rats, instead of a rise in ergothioneine 
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levels, as might be expected from Salt and Fraser’s work (10), there was a 
fall (Table IV). This decrease seemed to be inversely related to the blood 
glucose level. No decrease in ergothioneine was observed until the blood 
glucose level of the rats was above 200 mg. per cent. From this point on, 
as the glucose increased, the ergothioneine level decreased, both values 


TaB_eE III 
Blood Glucose, Hematocrit, and Red Blood Cell Ergothioneine in Alloxran-Diabetic Rats 


Glucose and ergothioneine reported in mg. per cent; hematocrit in volume per 
cent of red blood cells. 


| Control After alloxan administration 
| | 7-12 days ‘21 days| 24 days | 31-40 days 51-55 days e 
Rat No 
tocrit Hema. Ergo | Glu- Hema- | Glu- | tema. | Ergo 
tocrit  neine| fed’ | 24 hrs. | neine | ‘fed’ | ttit | nein 
1 50 | 6.5| 51 | 6.0, 956| 328 | 32 | 6.8 
2 50 6.5 46 5.7) 606 | 165 38 4.8 
3 48 7.4/1 53 | 6.4] 343 78 54 5.8 | 370 | 54 | 6.9 
4 52 7.3, 50 | 6.7) 480 | 386 47 6.8 470 42 | 6.7 
5 9 | 5.2| 44 | 3.8 
6 50 5.4, 49 3.9 520 355 39 5.6 | 420 | 22 | 5.8 
7 41 4.6 |) 45 4.7| 540 | 195 47 4.0 
8 53 4.3 | 46 4.7, 488 | 112 51 2.9 
9 48 3.6 | 42 4.8 480 155 54 5.9 
10 52 4.2) dl 5.1) 453 88 28 4.8 
11 | 5B 4.9) 310 80 56 4.3 170) 3.9 
12 48 4.0 505 112 42 5.2 | | 
| 
Average 50 | 5.3 | 48 5.1 | 44 5.2 | | 
| +1.2 | | | 
t control vs. diabeticf | | 


_- 


* Standard deviation. 
t Statistical analysis on the basis of paired observations; see Table IT. 
¢ ¢ value at 5 per cent level, 2.2. 


reaching plateau levels in about 4 weeks. The average hematocrit value 
during this same period did not change (Table IV). The operation often 
caused a decrease in body weight of 10 to 20 gm. However, during the 
next month the weights did not vary significantly. Rat 2 showed the 
maximum loss of 15 gm. and Rat 4 gained 15 gm. 

A possible explanation for the decrease of red blood cell ergothioneine 
in the depancreatized rats was the lack of intestinal pancreatic juice. This 
deficiency could cause improper absorption of some dietary constituent 
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essential for the production of ergothioneine in the body. In order to test 
this theory a sham operation was performed on six rats, and the intestine 
and bile duct stripped of pancreatic tissue. Sufficient pancreatic tissue 
remained surrounding splenic vessels to maintain the blood glucose at nor- 
mal levels (Table V). These rats were followed for the same period of 
time as those depancreatized 95 per cent, and no decrease in red blood cell 


TaBLe IV 
Whole Blood Glucose and Red Blood Cell Ergothioneine in Partially Depancreatized 
Rats 


Glucose and ergothioneine reported in mg. per cent; hematocrit in volume per 
cent of red blood cells. 


| Control | Following pancreatectomy 

Rat No. | 7-12 days | 20 days 27-30 days yg 

| | neine | | Ergothio-| Glu- | Ergothio- | | 
- | - gothio- Hema-  Glu- Ergothio-|Ergothio- 

| cose | neine — cose neine | tocrit | cose neine neine 

54 | 80 | 5.4 |275| 4.8 | 50 | 463| 2.9] 1.2 

2 51 | 4.9 | 271 | 4.6 | 328 3.9 48 475 2.1 2.8 

3 43, 8.8; 215 4.4 | 480 3.6 | 52 | 440| 2.4 1.6 

4 47 6.2. | 298 4.7 | 297 @ 

5 48 6.5 | 3635.8 | 282 3.4 | 47 | 400| 1.7] 1.8 
Average 48 | 6.4 2.1| 1.8 
| #1 5* +0.6 | +0.9 | +0.6 | +0.6 

t control vs. pancreatec- | | | 


* Standard deviation. 

t Statistical analysis on basis of paired observations; see Table II. 
t¢ value at 5 per cent level, 2.8. 

§ ¢ value at 1 per cent level, 4.6. 


ergothioneine was found. However, when the pancreatic tissue surround- 
ing the blood supply to the spleen was removed without further stripping 
of the intestine or bile duct, the blood glucose rose and the red blood cell 
ergothioneine fell. Results on a typical animal are shown in Fig. 1. The 
rise in ergothioneine can be explained by the fact that hemorrhage caused 
an increase in ergothioneine concentration (Table II). Some rats were so 
sensitive to blood loss that weekly sampling caused a rise in ergothioneine 
(Rats 2, 4, and 6, Table V). 

Six depancreatized rats were given 4 to 12 units of a mixture of amor- 
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TABLE V 
Blood Glucose and Red Blood Cell Ergothionetne Following Sham Operation (See Text) 
Glucose and ergothioneine reported in mg. per cent; hematocrit in per cent of 
red blood cells. 


Control ! After operation 
Rat No. days 20 days days 41 days 
| | Exgothio- Ergothio- Ergothio- Glu- Ergothio- 
| | | | meine cose tocrit _neine 
l | 100 | 6.2 5.8 |} 5.4 | 100) 5.4 
2 | 8] 80 | 4.8 5.6 48 | 54 | 8] 5.7 
3 86; 51 | 6.8 7.5 7.0) 74 | ©) 6 | 7.2 
4 76 | 5O 5.6 6.0 
5 0] 4 | 54] 52] 58 | 49 | 88] 47 | 45 
6 88 | 49 5.5 5.5 | #2 | €| 47 | 8.0 
Average 88 | 50 5.7 | 5.9 6.0 | 6.4 77 | 47 | 6.4 
+0.6* | +0.8 | | +1.2 | 
control vs. postoperativet | 1.32 | 


* Standard deviation. 

t Statistical analysis on basis of paired observations. See Table II. 
t¢ value at 5 per cent level, 3.2. 

§$ ¢ value at 5 per cent level, 2.6. 
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Fig. 1. The intestine and bile duct were stripped of pancreatic tissue and the rats 
were observed for 47 days. Then pancreatic tissue surrounding the blood supply to 
the spleen was removed without disturbing the intestine or bile duct. The solid 
lines represent red blood cell ergothioneine and the broken lines blood glucose con- 
centrations. 
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phous and protamine zinc insulin per day for periods of | week to 3 months, 
with no apparent effect on the ergothioneine levels (Table VI). 


TaBLe VI 
Effect of Insulin on Red Blood Cell Ergothioneine of Depancreatized Rats 
Blood glucose and ergothioneine levels were determined between 9.30 and 10.30 
a.m., and then 4 to 12 units of insulin were administered. All values in mg. per 
cent. 


Depancreatized 
— 
| Insulin therapy 
Rat | Con- 
No. | trol | Gry. |Ergothio- 7 days 14 days 21 days 51 days 
| Ergo- 'Ergothi Ergothi 
_ Glucose Glucose Glucose Glucose 
1 (88/4890 1.6 | 470 12.4 | 360 | 3.2 ' 100 | 2.6 | 90 | 2.4 
2 |6.2/412/ 1.2 | 350 | 1.5* | | | | | 
3 4.9; 475 1.5 | 485 |1.9 | 201 | 2.4 | 80 | 2.4 | | 
4 5.0) 398) 2.3 158 | 2.5* | ! | | | | 
5 5.5 471) 2.2 388 | 62 
6 (550 «1.3 | 58 | 0.9 | 169 | 1.7 | | 


* Died in hypoglycemic convulsions. 
VII 
Effect of Hyperglycemic Factor* on Red Blood Cell Ergothioneine of 
Depancreatized Rats 


10 mg. of hormone per day were administered intraperitoneally in five divided 
doses at 8.00 and 11.00 a.m. and at 2.00, 5.00, and 11.00 p.m. All values in mg. per 
cent. 


Depancreatized, untreated Time under ee hyperglycemic 


Blood glucose | Ergothioneine 
| 
] , 1.8 | 
2 478 2.2 1.3 | 543 
3 ) 365 0.8 0.5 0.8 
4 381 1.5 : 0.5 
5 500 1.6 0.9 


* 0.07 unit of insulin per mg. 


Another difference between the two groups of diabetic rats was the pres- 
ence of hyperglycemic factor in alloxan-diabetic rats and its absence in 
depancreatized rats. Therefore, five rats were given LO mg. per day of 
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hyperglycemic factor? intraperitoneally in five divided doses at 8.00 and es 
11.00 a.m. and 2.00, 5.00, and 11.00 p.m. No change was observed in the th 
levels of red blood cell ergothioneine in any of these animals 5 or 12 days 
following the institution of therapy (Table VII). In this same period of fa 
time in five out of five rats, whose blood glucose rose more than 100 mg. ce 
per cent following pancreatectomy, the red blood cell ergothioneine fell - 
(Table IV and Fig. 1). Of course in this instance it is impossible even to of 
TaBLeE VIII 
Red Blood Cell Reduced Glutathione (GSH) in Non-Diabetic, Alloran-Diabetic, and : 
Depancreatized Rats tt 
' All the diabetic rats had non-fasting blood glucose levels higher than 300 mg. b 
, per cent. The determinations on alloxan-diabetic rats were made 1 month after er 
alloxan administration. Glucose and glutathione values reported in mg. per cent. tc 
Control Alloxan diabetic | Depancreatized - 
GSH Glucose GSH Glucose | GSH a 
1044 12° | 14 444 102 18 | 10 412 + 77 112 + 19 
t GSH control vs. | | 2 
diabetict | | 0.7f | 2.0 
d 
* Standard deviation. 4 
+ ¢ value at 1 per cent level, 2.6. as ey 
tt = (Xi — X2)/(e Vi1/n + 1/n2), where X; = the mean of the control sample, i 
X. = the mean of the diabetic sample, n; = the number of rats in the control sample, 
= the number of rats in the diabetic sample, and 
— mX2 + 2X2 + 
= 
(mn, —1) + (nz —1) 
guess how closely the dose of hyperglycemic factor was duplicating normal ( 
conditions. 
Determinations of red blood cell glutathione were made in both alloxan- 
diabetic and depancreatized rats and no significant change was found in - 
either group (Table VIII). This is in agreement with Houssay’s work (17) 
in which he demonstrated that diabetes had to be extremely severe before 1; 
any change in tissue glutathione could be observed. 13 
14 
SUMMARY 
le 
It has been shown that values for ergothioneine and reduced glutathione 1} 
of red blood cells increase as the rat matures. Glutathione levels of the 
2 Supplied by Eli Lilly and Company through the courtesy of Dr. Otto K. Behrens. 
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red blood cell reach a plateau in rats at about 10 weeks of age, the ergo- 
thioneine at about 6 months of age. 

In rats 6 to 12 months old, two different kinds of stress, hemorrhage and 
fasting, were shown to increase the ergothioneine concentrations of red blood 
cells. The production of alloxan diabetes had no effect on the ergothio- 
neine levels of erythrocytes. However, the removal of 95 per cent or more 
of the pancreas produced a marked decrease in red blood cell ergothioneine. 
Rats with no intestinal pancreatic juice, owing to a sham operation, but 
with normal blood glucose levels showed no change in red blood cell ergo- 
thioneine. However, when the pancreatic tissue surrounding the splenic 
blood supply was removed, the blood glucose rose and the red blood cell 
ergothioneine fell. The administration of insulin and hyperglycemic fac- 
tor to depancreatized rats had no effect on ergothioneine concentrations 
in the red blood cell. 

The red blood cell values for reduced glutathione of both alloxan-diabetic 
and depancreatized rats were within the control range. 
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SEQUENCES OF AMINO ACID RESIDUES IN SILK FIBROIN* 


By MILTON LEVY ann EVELYN SLOBODIANT 


(From the Department of Chemistry, New York University College of Medicine, 
New York, New York) 


(Received for publication, June 19, 1952) 


An outstanding problem in protein chemistry is the determination of the 
arrangement or sequence of amino acid residues in the peptide chains. One 
approach to the partial solution of this problem is through a study of the 
smaller degradation products present in partial hydrolysates of proteins, 
preferably those produced on treatment with acid (1). This method is 
especially attractive when the protein contains a limited number of vari- 
eties of amino acid residues. Silk fibroin of Bombyx mori is such a protein. 

Fischer and Abderhalden (2—10) reported the presence of glycylalanine, 
alanylglycine, and glycyltyrosine among the products of acid hydrolysis of 
silk. Stein, Moore, and Bergmann (11) analyzed such hydrolysates for the 
two alanine peptides and found considerable amounts of each. No finding 
of alanylalanine, tyrosyltyrosine, or glycylglycine has been reported for 
hydrolysates of B. mori fibroin. Nevertheless, the direct linkage of these 
pairs of identical amino acids in the protein is not excluded, because no 
method assuring the isolation of any particular peptide, if present, has been 
used. 
The quantitative significance of those sequences which have been re- 
ported (alanylglycine, glycylalanine, glycyltyrosine) has not been estab- 
lished. For example, a purely random sequence of the amino acid residues 
in fibroin would lead to the prediction, on a statistical basis, of rather fre- 
quent juxtaposition of alanine and glycine residues, and an accumulation, 
during hydrolysis, of appreciable quantities of the corresponding dipeptides 


* This work was supported by grants from the American Cancer Society on recom 
mendation by the Committee on Growth of the National Research Council. Th® 
sulfur and iodine isotopes used in this work were supplied by the Oak Ridge Na- 
tional Laboratory on allocation from the United States Atomic Energy Commission. 

This paper is based on a thesis submitted in June, 1951, by Evelyn Slobodian, in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy in the 
Department of Chemistry, New York University. Preliminary reports on part of 
this work were given at the Cold Spring Harbor Symposia on Quantitative Bi- 
ology (Cold Spring Harbor Symposia Quant. Biol., 14, 113 (1950)) and at the Thirty- 
ninth annual meeting of the American Society of Biological Chemists at Atlantic 
City, March, 1948 (Federation Proc., 7, 168 (1948)). 

t Assisted by fellowships from the Stanley Tausend Foundation and the United 
States Atomic Energy Commission. 
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(which are hydrolyzed only slowly) would be expected. The amounts of 
the peptides hitherto isolated from silk hydrolysates are well below statis. 
tical expectation and thus are quite consistent with either a completely 
random or a fully determinate sequence. Randomness of the sequence js 
a naive concept, but this in no way detracts from the desirability of obtain. 
ing chemical evidence on the question. 

The unresolved questions appeared to be particularly amenable to inves. 
tigation by the isotope derivative technique, and we therefore undertook a 
systematic study of silk fibroin hydrolysates, using the “‘carrier’”’ modifica. 
tion of this technique (12). Several series of partial hydrolysates were 
analyzed for glycine, alanine, and the dipeptides glycylglycine, glycylala- 
nine, and alanylglycine. The amino acid composition of fibroin was inves- 
tigated by analysis of complete hydrolysates for alanine, serine, glycine, 
and several other amino acids. A hypothetical partial structure for fibroin | 
is suggested on the basis of the results. 

The principles of the analytical scheme for amino acid estimations have } 
been described by Keston, Udenfriend, and Cannan (12). The same prin- 
ciples apply to peptide analysis. 


Preparation of Pipsyl (p-lodobenzenesulfonyl) Compounds 


Non-isotopic pipsyl ‘‘carriers’”” were prepared from the corresponding 
peptides. In most cases, this was accomplished by treating an excess of 
the peptide with non-isotopic pipsyl chloride, as has been described for the 
preparation of amino acid carriers (12). When economy of peptide mate- 
rial was desirable, it proved preferable, and highly satisfactory, to use an 
over-all excess of pipsyl chloride in a stepwise reaction, with intermediate 
extraction of the monopipsy! derivative to avoid dipipsylation. All pep- 
tide derivatives were characterized and shown to be of a satisfactory degree 
of purity (Table I). Except where otherwise indicated, the peptides were 
optically unresolved preparations, since, in the operation of this method, 
the use of an overwhelming amount of DL carrier permits the estimation 
of p, L, and pL compounds with equal accuracy. Each derivative was also 
prepared, in minute amounts, from radioactive (I'*!) pipsyl chloride, and 
these preparations, after purification, were used to obtain distribution data 
in several immiscible solvent systems (Table II). These data showed suff- 
cient diversity for the application of discontinuous liquid-liquid counter- 
current procedures in the separation of the pipsyl derivatives during anal- 
ysis. 


Control Analyses 


To demonstrate that some of the major constituents of the complex 
hydrolysates do not interfere in the analysis, mixtures made up of alanine, 


M. LEVY AND E. SLOBODIAN 565 


glycine, glycylalanine, alanylglycine, and glycylglycine were prepared and 
analyzed. When the substance being determined was absent from the 
mixture, a satisfactory “zero” analysis was obtained in each case. During 
the purifications of the carrier, the I! concentration dropped continuously 
during successive recrystallizations. When less than 2 per cent of the total 


TABLE | 


Properties of Pipsyl Derivatives 


Neutralization in 


Pipsy! derivative of M.p. -extinesion gm. per mole 
| Found Theoretical 
Glycylglycine................ «198 | 15, 400 407 398 
pi-Alanylglycine............. | 16,000 | 415 412 
Glyeyl-pt-alanine............ 189-190 16,000 415 | 412 


* Determined by titration to pH 6.7 with chlorophenol red as indicator. 


TABLE II 
Distribution Coefficients of Some Pipsyl Compounds 
The figure given is the ratio of concentration in the organic phase to that in the 
aqueous phase. The latter is always 0.2 x HCl. 


Organic phase 


Pipsy! compound 
Ethyl 


| | Ether | “m-Butanol 
Glyeylglyeine........... 0.00 | 0.05 | | 30 
Alanylglycine........... | 0.06 860.16 {| 2.4 31 | 32 
Glycylalanine. . _ 0.004 0.15 0.31 Pee | 37 | 48 
| 0.01 | 0.68 | 2.15 | 43.5 100 7 
0.04 2.88 5.50 — 100.0 100 83 
om | | O08 | 42 | 8.8 
| 0.00 | 0.00 0.003 0.015 | 0.11 17.0 


nitrogen was reached, the result was considered satisfactory and the re- 
crystallizations of the carrier were discontinued. These zero analyses (Ta- 
ble IIT) eliminated the most likely known constituents as sources of error, 
but in actual analysis a rigorous standard was used in judgment of isotopic 
purity. For an acceptable analysis, we required that the measurements 
should yield identical results (within the errors of counting and of the 
optical absorption measurement) for an initial sample and for two subse- 
quent samples obtained from the first by three to nine recrystallizations 
of the carrier during which one-half or more of the initial sample was left 
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in the mother liquors. The measurements were made after each three 
crystallizations. 

Recovery experiments with peptides were not as good as experience with 
amino acids might lead one to anticipate. Alanine and glycine give 98 to 
100 per cent yields of monopipsyl product in the standard three-step pip- 
sylation reaction. However, when recovery analyses were performed on 
the pure peptides, by use of the same techniques, it was found that alanyl- 
glycine, glycylalanine, and glycylglycine each gave a low yield of its mono- 
pipsyl derivative. The yields varied from about 60 per cent for glycyl- 
alanine to close to 90 per cent for alanylglycine (Table III). Kinetic 
studies of the pipsylation reaction, to be reported in a later paper, provided 


TaBLeE III 
Control Analyses for Peptides 


| Zero control Recoveries 
Peptide | 
| Added* | Foundt Added* Found | Recovery 
per cent of total N | per cent of total N uM uM | per cent 
Glycylalanine......... 0 | <2.9 14.0 | 8.51 | 61 
| 0 | <0.4 14.0 | 8.00 357 
Alanylglycine ........ 0 | <2.5 11.85 | 9.93 | 84 
| 11.85 | 10.6 89 
Glyeylglycine......... | 0 <1.7 7.00 70 
| 0 | <1.8 | | @ 


* Added to a mixture of the other peptides plus glycine, alanine, and serine (equi- 
molecular amounts) to make a total of about 20 um of nitrogen per sample. 

+ The sign < indicates that the isotope concentration was still falling when the 
analysis was discontinued. 


no immediate solution to this problem, but did illustrate the consistent 
reactivity of any particular peptide and, accordingly, suggested the possible 
use of rough correction factors. 

For the present study, the corrections for incomplete recovery would 
be of little significance in the interpretation of the observations. We have, 
therefore, not applied any corrections to the analytical data. — 


Silk Fibroin 
The silk used in these analyses was degummed by repeated autoclaving 
at 120° in large volumes of water and was then dried at 50° for 48 hours. 
The product contained 5.4 per cent moisture, 0.25 per cent ash, and 17.04 
per cent nitrogen (18.06 per cent nitrogen, corrected for moisture and ash). 
Preparation of Hydrolysates 


Several series of partial hydrolysates were prepared from this material. 
The fibroin was dissolved in concentrated hydrochloric acid and the solu- 
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tion maintained at 39°; at various intervals, samples were withdrawn, 
diluted, neutralized to pH 3 to 4, and, after addition of a trace of mercuric 
chloride, preserved in the refrigerator. The nitrogen content of each sam- 
ple was determined by the Levy-Palmer method (13). For complete hy- 
drolysis, the fibroin was dissolved in concentrated hydfochloric acid and 
the solution diluted with an equal volume of water. The mixture was 
placed in a sealed tube and heated at 106-110° for 16 to 24 hours. The 
sample was then diluted, neutralized, and preserved at 0° with some mer- 
curic chloride. Nitrogen was determined by the Kjeldah] method. 


Analyses 


Glycine, alanine, and serine were determined in the complete hydroly- 
sates by the carrier method (12). Estimations of glutamic acid, aspartic 
acid, serine, threonine, and hydroxyproline by the sulfur indicator method 
are taken from the results of Keston, Udenfriend, and Levy (14). 

In the analysis of partial hydrolysates, samples containing 10 to 20 um 
of nitrogen were subjected to the three-step pipsylation technique described 
by Keston, Udenfriend, and Cannan (12) using I'*!-labeled pipsy] chloride. 
The derivatives were extracted with 2 volumes of ethyl acetate three times 
after each step. The ethyl acetate extracts were combined and the solvent 
was carefully evaporated. The residual solids were then dissolved in dilute 
alkali and brought to 25 ml. 7 

Duplicate aliquots were taken for analysis of two groups of peptides and 
amino acids. 

Mixture 1—To one 10 ml. aliquot were added about 200 mg. each of the 
carriers pipsylglycine, pipsylalanine, and pipsylalanylglycine. 

Mixture 2—To another 10 ml. aliquot were added the carriers pipsyl- 
glycylglycine and pipsylglycylalanine. 

To each mixture sufficient sodium hydroxide solution was added to effect 
complete solution, thus insuring complete mixing of the carriers with I'*! 
derivatives. 

Mixture 1 was made up to 150 ml. with 0.2 n HCl and put through a ten 
plate discontinuous counter-current separation (12, 15) with equal volumes 
of chloroform and 0.2 n HCl. Plates 1 and 2 were collected for pipsyl- 
alanylglycine, Plates 3, 4, and 5 for pipsylglycine, and Plates 8, 9, and. 10 
for pipsylalanine. 

Mixture 2 was put through a ten plate counter-current process with 100 
ml. portions of 0.2 Nn HCl and 50 ml. portions of ether. Pipsylglycylalanine 
was collected from Plates 3 and 4 and pipsylglycylglycine from Plates 7 
and 8. 

The distributions of the compounds in the counter-current systems used 
are readily calculable from the distribution data of Table IT. 
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Each carrier collection was suitably extracted into 5 to 10 ml. of alkaline 
solution, from which it was readily precipitated on addition of acid. 

Each carrier was then further purified by repeated recrystallization and 
treatment with charcoal; the volumes were kept at 3 to 5 ml. Measure. 
ments of specific activity were made between successive sets of three crys- 
tallizations each. In this way, large losses were taken between measure 
ments, and the presence of impurities was clearly revealed. For specific 
activity measurement, an aliquot of carrier solution was diluted for reading 
at 250 my in the Beckman spectrophotometer; another aliquot was counted 
in the Geiger counter. A known amount of isotopic pipsylalanine (“‘stand- 
ard’’) was counted at nearly the same time to provide automatic correction 
for the decay of I'*". When specific activity (ratio of counts per micromole 
of carrier to counts per micromole of standard) was constant over a wide 
range of purification, analysis was complete. 

From the moles of each carrier taken, and its final specific activity, the 
amount of each peptide in the sample was calculated (12). These values 
are expressed as per cent of total nitrogen in the sample and are shown in 
Table IV. 

DISCUSSION! 

The analysis of complete hydrolysates of silk fibroin (Table V) show that 
alanine and glycine account for 28.2 and 42.5 per cent, respectively, of the 
total nitrogen or for 28.7 and 43.3 per cent of the peptide bonds calculated 
on the assumptions that a-amino nitrogen is 98 per cent of the total nitro- 
gen (11) and that all a-amino nitrogen is in peptide linkage. These results 
suggest a 7-membered repeating unit of (Gly)3(Ala)o(X)». but do not allow 
any regular periodic arrangement of the glycine and alanine per se.  Ap- 
proximately one-third of the X residues are serine, one-twelfth aspartic 
acid, and one-eighteenth glutamic acid. We do not suggest any periodic 
(17) arrangement. 

The analyses of partial hydrolysates of silk fibroin in Table IV reveal a 
gradual increase in the amounts of alanine, glycine, alanylglycine, and 
glycylalanine with increasing time of hydrolysis. It may be noted that 
the use of a smaller excess of concentrated hydrochloric acid per gm. of 
fibroin has a favorable effect in that larger amounts of peptides accumulate 
under such conditions, although the absolute rate of liberation of free ala- 
nine and glycine remains unaffected. The figures show a fairly constant 
level of alanine and glycine at a given time of hydrolysis; moreover, the 


1 In the formulation of our results we have used symbols proposed by Brand 
and Edsall (16) for the amino acid residues, with the addition of X to symbolize 
any otherwise unspecified residue. In writing sequences the left-hand end carries 
the amino residue, 
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TABLE IV 
Analysis of Partial Hydrolysates of Fibroin 
The fibroin was hydrolyzed in concentrated hydrochloric acid at 39°. The sam- 
ples, withdrawn at the times indicated, were analyzed. The results are expressed 
as percentage of total protein nitrogen in each compound. 


Per cent of protein nitrogen found as 


Time of 


Glycine | Alanine _ Alanylglycine | Glycylalanine | Glycylglycine 
hrs. 
I* S 2.5 2.1 10.8 3.1 2.4 
24 7.8 6.1 11.9 6.0 0.5 
48 13.0 9.6 17.4 5.0 <0.3T 
42 17.4 13.7 13.7 1.9 1.6 
Ilf 24 6.0 4.6 17.6 3.8 0.65 
48 11.0 9.2 19.6 | 4.7 <O.17 
16 4.4 3.1 £6 
48 12.9 10.5 27 .0 8.3 <1.8 


| 


*1 gm. of silk in 5 ml. of acid. : 

t The sign < indicates that the isotope concentration was still falling when the 
analysis was discontinued. 

t1 gm. of silk in 2 ml. of acid. 


TABLE V 
Composition of Silk Fibroin 
The entries are based on several analyses of complete hydrolysates prepared by 
heating at 105° in 6 N HCI for 16 to 24 hours. The values at 16 hours were substan- 
tially the same as those at 24 hours; the averages of these determinations are shown 


below. 


Amino Se cent of Peptide bonds 

per cent 
| 1.54* 1.57 
| 0.05* 


* Analysis by the sulfur indicator method (15). All other analyses were per- 
formed by the carrier method. 


rates of accumulation of these amino acids follow the kinetics of a first 
order reaction. The rate constants for liberation of glycine and alanine 
have been calculated by the application of a first order equation and are 
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shown in Table VI. The constants are different for the two amino acids 
and are independent of the ratio of hydrochloric acid to fibroin. The first 
order characteristic of the liberation of the two amino acids indicates that 
the hydrolysis of the dipeptides is the slowest step (1) in the total reaction 
and that most of the glycine and alanine is liberated directly from these. 
The accumulation of dipeptides reinforces this view of the hydrolytic proc- 
ess. 

The most striking observations recorded in Table IV are the amounts 
(uncorrected) of certain dipeptides in the various partial hydrolysates. 
The significant points are the virtual absence of glycylglycine and the 
presence of extremely large proportions of alanylglycine. In most of the 
hydrolysates, the latter peptide accounts for an important part of the total 
alanine in the protein. This single observation excludes the possibility of 


TABLE VI 
Rate of Liberation of Glycine and Alanine from Silk Fibroin 


In concentrated hydrochloric acid at 39°. The entries are the values of 
(1/t)logie A/A — zx for t in hours, A the total amino acid in the fibroin, and z the 
amount free at time tf. 


1 gm. silk in 5 ml. concentrated HCl 1 gm. silk in 2 ml. concentrated HCl 

8 hrs. 24 hrs. | 48 hrs. 72 hrs. 16 hrs. 24 hrs. 48 hrs. 

Glycine........ 0.0032 | 0.0036 0.0032 | 0.0032 | 0.0030 0.0033 0.0033 
0.0042 0.0044 | 0.0040 0.0040 | 0.0031 0.0046 0.0042 


a random arrangement of amino acids in silk fibroin. In a completely 
random structure, the statistical frequency of the combination -Ala-Gly- 
would be governed completely by the availability of these two amino acids, 
and the maximum possible yield of the peptide alanylglycine or glycyl- 
alanine would therefore be calculated as 0.433 X 0.287 or 12.4 per cent of 
the total nitrogen (0.433 and 0.287 are the fractions of total residues present 
as glycine and alanine, respectively). Actually, in several samples, the 
observed amounts of alanylglycine were far in excess of this calculated 
maximum value. As much as 23 to 27 per cent of the total nitrogen is 
accounted for in terms of this peptide. It is clear that the amino acid 
arrangement in this protein cannot be a random one, but that it must be a 
rather fixed pattern of preferred sequences. Evidence of this nature does 
not, however, rule out the possibility of occasional variations in the pattern. 

The virtual absence of glycylglycine from these hydrolysates is also of 
interest in this connection, since this peptide would have the largest prob- 
ability of occurrence (18.8 per cent) in a random structure. It is unlikely 
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that much glycylglycine was ever present, for it is hydrolyzed by acid only 
about 60 per cent more rapidly than alanylglycine (18). The other pos- 
sibility, namely, that the glycylglycine linkages in the protein are extra- 
ordinarily labile, and are completely destroyed in the first hours of hydro- 
lysis, seems rather remote, but remains to be investigated. At the present 
time, the evidence strongly suggests that the -Gly-Gly- sequence occurs 
rarely, if at all, in the fibroin molecule. 

It may be noted that about twice as much alanylglycine as glycylalanine 
was found in most of these samples. In this case, corrections for the some- 
what poorer recovery of glycylalanine are of little significance, and the 
uncorrected values in Table V may be taken as a measure of the relative 
abundance of these two peptides. Moreover, since alanylglycine and gly- 
cylalanine are hydrolyzed by acid at identical rates (18), this finding sug- 
gests that most of the alanine in the protein is in the arrangement -X-Ala- 
Gly-Ala-Gly-X-. Hydrolysis of this combination can yield 2 moles of 
alanylglycine, but only 1 mole of glycylalanine. This sequence may be 
incorporated into a possible minimum repeating unit which is consistent 
with all the analytical observations; thus 


-X-Ala-Gly-Ala-Gly-X-Gly- 


In this arrangement, 3 of 7 residues are glycine, and 2 are alanine, as 
indicated by the amino acid analyses. In keeping with the peptide anal- 
yses, there are no glycine residues adjacent to each other. The pattern is 
not periodic with respect to either glycine or alanine. 

The suggested amino acid arrangement must be regarded as a tentative 
one. Certain further studies are clearly indicated. If, for example, the 
suggested arrangement is correct, then the sequence alanylalanine is pro- 
hibited, and it should be impossible to find evidence of this peptide in 
partial hydrolysates of silk. Since this arrangement shows all of the ala- 
nine combined in the unit -Ala-Gly-Ala-Gly-, no dipeptide of the type 
Ala-X should be found, but every dipeptide should contain alanine or 
glycine. The tripeptide glycylalanylglycine should be present in silk hy- 
drolysates, since it is an important element of the proposed structure, and, 
in fact we have already succeeded in demonstrating the presence of large 
proportions of this tripeptide (19). These findings will be presented in 
detail in a later paper. 


SUMMARY 


Partial hydrolysates of silk fibroin (Bombyx mori) have been analyzed, 
by the isotope derivative technique, for glycine, alanine, glycylalanine, 
alanylglycine, and glycylglycine. Complete hydrolysates have been ana- 
lyzed for certain amino acids. The results showed little glycylglycine in 
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partial hydrolysates, while the amounts of alanylglycine are so large as to 
eliminate the possibility of a random amino acid arrangement in fibroin, 
All of the analytical data, from studies of complete and partial hydroly- 
sates, can be accounted for by the sequence -X-Ala-Gly-Ala-Gly-X-Gly., 
which is proposed as a minimum repeating unit for fibroin. 
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PREPARATION OF MALTOSE LABELED WITH C" IN THE 
REDUCING OR NON-REDUCING GLUCOSE 
COMPONENT* 

By CHARLOTTE FITTING? ann E. W. PUTMAN 
(From the Department of Bacteriology and the Division of Plant Biochemistry, College 
of Agriculture, University of California, Berkeley, California) 


(Received for publication, June 28, 1952) 


It has previously been demonstrated (1-4) that the bacterium Neisseria 
meningitidis contains a phosphorylase which is capable of catalyzing the 
reversible reaction 


maltose 
phosphorylase 


Maltose + inorganic phosphate <— 


8-p-glucose-1-phosphate + p-glucose 


This enzymatic reaction was utilized to make two radioactive maltose prep- 
arations, one labeled with C"™ in the reducing glucose unit and another in 
the non-reducing unit. 

Maltose labeled in the reducing half of the molecule was synthesized 
when a mixture of 6-p-glucose-l-phosphate and C-labeled glucose was 
incubated with an enzyme preparation from N. meningitidis. 


maltose 
phosphorylase 


8-p-Glucose-1-phosphate + p-glucose* <— 


a-b-glucopyranosyl-p-glucose* + inorganic phosphate 
(maltose) 


Maltose tagged with C™ in the non-reducing glucose unit was synthesized 
as follows: Radioactive maltose labeled in all carbon positions was first 
obtained by hydrolyzing C'-labeled starch with a-amylase. The maltose 


maltose 
phosphorylase 


8-p-Glucose*-1-phosphate + p-glucose <— 
a-b-glucopyranosyl*-p-glucose + inorganie phosphate 


(maltose) 


* This work was supported in part by research contracts with the United States 
Atomic Energy Commission and the Office of Naval Research. 

t Public Health Service Research Fellow of the National Microbiological In- 
stitute. Present address, University Laboratory of Physical Chemistry As Related 
to Public Health, Harvard University, Boston 15, Massachusetts. 
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was then phosphorolyzed by the meningococcus enzyme to produce C. 
labeled 8-p-glucose*-1-phosphate. Maltose with a C™ non-reducing glu- 
cose moiety was obtained by reaction of this radioactive hexose phosphate 
with inactive p-glucose in the presence of the same phosphorylase. 

The two radioactive maltose preparations were treated with bromine to 
oxidize the free reducing groups. Then each of the resultant maltobionic 
acids was hydrolyzed to its constituents, p-glucose and gluconic acid. The 
maltose which was synthesized from 6-p-glucose-1-phosphate and C"™-la- 
beled p-glucose contained activity in the gluconic acid but not in the p- 
glucose, while that produced from the C-labeled ester and inactive p- 
glucose showed activity in the p-glucose component, and not in the gluconic 
acid. 


EXPERIMENTAL 


Reagents—The maltose phosphorylase solution was prepared from N. 
meningitidis as previously described (1, 4). 

The barium salt of 8-p-glucose-1-phosphoric acid was synthesized accord- 
ing to the method of Reithel (5). Before use, it was converted into the 
sodium salt by adding an equivalent amount of sodium sulfate to a solution 
of the barium salt. 

The C'*-labeled glucose was obtained from Canna indica leaves after they 
were allowed to photosynthesize in an atmosphere of radioactive carbon 
dioxide for about 18 hours (6). 

The radioactive starch was similarly obtained from tobacco leaves (6). 

An a-amylase solution was prepared from human saliva according to the 
method of Hassid et al. (7). 

Maltose with C'*-Labeled Reducing Glucose Unit—A reaction mixture con- 
sisting of 33 um of C-labeled glucose (specific activity, 43 we. per mg.), 
30 um of B-p-glucose-l-phosphate, and an extract from approximately 50 
mg. of N. meningitidis cells in a total volume of 1 ml. of tris(hydroxy- 
methyl)aminomethane buffer (4) was incubated for 6 hours at 37°. The 
maltose was isolated from the reaction mixture by the use of paper band 
chromatography; the mixture was placed on an 18.5 & 24.25 inch What- 
man No. | sheet of filter paper and developed in a butanol-ethanol-water 
mixture (8). The radioactive bands were located by reference to a radio- 
graph prepared from a chromatogram. Identification of the bands was 
made by spraying side strips from the chromatogram containing inactive 
maltose and glucose with p-anisidine hydrochloride. The radioactive band 
corresponding in position to that of authentic maltose was excised, eluted, 
and rechromatographed in water-saturated phenol. <A repetition of this 
procedure, with the butanol-ethanol-water mixture, produced maltose free 
from glucose. .The product, 6.3 mg. (57 per cent of theoretical), was dis- 


‘ 
. 
1 


C. FITTING AND E. W. PUTMAN 575 


solved in water, 60 mg. of inactive maltose were added, and the syrup was 
erystallized from absolute ethanol. The specific activity of this maltose 
was 2 wc. per mg. 

Maltose with C'-Labeled Non-Reducing Glucose Unit—A 10 mg. sample 
of C-labeled starch (specific activity, 4.3 uc. per mg.) was mixed with 5 
mg. of sodium chloride and 0.1 ml. of 0.2 Mm phosphate buffer, pH 5.8, and 
dissolved in 2 ml. of water. The solution was stirred, 1 ml. of diluted 
saliva was added, and the mixture was incubated for 2 hours at 40°. The 
salivary amylase was then inactivated by heating on a steam bath and the 
digest concentrated to dryness in vacuo. The residue was dissolved in 
water and the band chromatographed in water-saturated phenol. The 
area on the paper containing the sugars was excised, eluted, and rechro- 
matographed in a butanol-acetic acid mixture, which resulted in separation 
of the products into maltose, isomaltose, and glucose. Upon elution of the 
maltose band, 5.9 mg. of maltose hydrate (specific activity, 3.9 uc. per mg.) 
were obtained. 

4 mg. of this radioactive maltose were incubated with the maltose phos- 
phorylase in the presence of 20 uM of inorganic phosphate in a 1 ml. volume. 
After 6 hours at 37° the reaction mixture was chromatographed with water- 
saturated phenol. Radioactive bands corresponding to maltose, glucose, 
and hexose monophosphate were obtained. The hexose phosphate band 
was excised, eluted, and rechromatographed in a propanol-ammonia-water 
solvent (9), with inactive 8-p-glucose-1-phosphate as a side marker. After 
excision and elution of this area, a product was obtained which presumably 
was a mixture of sodium and ammonium salts of 6-p-glucose-1-phosphoric 
acid, containing a total of 1.7 ue. of C™. 

This hexose phosphate fraction was incubated with 30 um of inactive 
glucose in the presence of the enzyme in a 0.5 ml. volume for 4 hours at 37°. 
The reaction mixture was chromatographed with water-saturated phenol. 
The band corresponding to the maltose was excised and eluted. The glu- 
cose impurity, amounting to about 4 per cent of the maltose activity, was 
eliminated by a second chromatographic development in the butanol-acetic 
acid-water solvent. A yield of 2.4 mg. (0.5 we. per mg.) of radioactive 
maltose (syrup) was obtained. This radioactive maltose was mixed with 
30 mg. of inactive maltose, dissolved in water, concentrated, and crystal- 
lized by the addition of ethanol. 

Preparation of Maltobionic Acid and Resolution to Its Components—Hud- 
son and Isbell’s (10) method was used for the oxidation of maltose to malto- 
bionic acid. An 18 mg. sample of each of two diluted radioactive maltose 
preparations was mixed with 11 mg. of sodium benzoate and the mixture 
dissolved in 0.75 ml. of water. 0.003 ml. of bromine was added and the 
reaction mixture was kept at room temperature in the dark for 46 hours. 
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The benzoic acid formed during the oxidation was removed by filtration, 
the excess bromine removed by passing a stream of air through the solu. 
tions, and bromide precipitated by the addition of silver carbonate. The 
precipitate was centrifuged and the solution passed through a Duolite C-3 
ion exchange column to remove the cations. The acid effluents were ex. 
tracted with chloroform to eliminate the residual benzoic acid and the 
aqueous solutions of the maltobionic acids were concentrated to syrups 
in vacuo at 40°. 

The two samples were purified by paper band chromatography, by use of 
the propanol-ammonia solvent. ‘This step was necessary to remove the 
unoxidized maltose, which amounted to about 5 per cent. The malto- 
bionic acid zones were located by spraying the developed chromatograms 
with a neutral 0.04 per cent solution of brom cresol green in 95 per cent 
ethanol. The acid areas were eluted and half of each eluate was hydro- 
lyzed in a sealed tube with 1 ml. of 1 N hydrochloric acid at 100° for 2.5 
hours. The hydrolysates were concentrated over solid potassium hydrox- 
ide in a vacuum desiccator. Aliquots of the original maltose samples, the 
maltobionic acids, and the hydrolysis products of these acids were then 
subjected to one-dimensional chromatographic analysis with the propanol- 
ammonia solvent. The gluconic acid derived from the maltose which was 
synthesized from 8-p-glucose-l-phosphate and C-labeled p-glucose was 
radioactive, but the p-glucose was inactive. The glucose produced from 
the hydrolysis of the second maltose preparation, which was synthesized 
from C'*-labeled ester and inactive p-glucose, was radioactive, but the glu- 
conic acid was inactive. 


SUMMARY 


With the maltose phosphorylase from Netsseria meningitidis which cata- 
lyzes the reversible reaction 
maltose 


phosphorylase 
Maltose + inorganic phosphate 


8-p-glucose-1-phosphate + p-glucose 


two kinds of radioactive maltose preparations were synthesized: (a) a-D- 
glucopyranosyl-p-glucose (with C-labeled in the reducing unit), and (6) 
a-p-glucopyranosyl]-p-glucose (labeled with C™ in the non-reducing unit). 
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FERMENTATION OF 3,4-C¥- AND 1-C4#-LABELED GLUCOSE 
BY CLOSTRIDIUM THERMOACETICUM* 


By HARLAND G. WOOD 
WITH THE TECHNICAL ASSISTANCE OF Dora LEE HARRIS 


(From the Department of Biochemistry, School of Medicine, Western Reserve University, 
Cleveland, Ohio) 


(Received for publication, July 18, 1952) 


Fontaine, Peterson, McCoy, Johnson, and Ritter (1) in 1942 made the in- 
teresting discovery that Clostridium thermoaceticum, a thermophylic anaer- 
obe, produces a unique type of fermentation in which approximately 3 
moles of acetate are formed per mole of glucose fermented. They sug- 
gested that a C, compound might be formed and then be reabsorbed in 
subsequent reactions. Barker and Kamen (2) then found that C“O. was 
fixed in both the methyl and carboxyl carbons of the acetate in approxi- 
mately equal concentration, and from the dilution of the C“O: they calcu- 
lated that 2 moles of COz2 were produced from each mole of glucose and 
then reutilized. 


C.Hi20. + 2H2O — 2CH;-COOH + 8H + 2C0O, (1) 
8H + 2CO, — CH;-COOH + 2H:,0 (2) 


The fermentation therefore appeared to be equivalent to a total synthesis 
of acetic acid from CO, and to be similar to fermentations studied by 
Wieringa (3) and Barker and colleagues (4-6) in which the adiacent car- 
bons of acetate apparently arise from COz (7). 

It remained possible, however, that a total synthesis of acetate was not 
occurring, since a mixture of CH3;-C*OOH and C*H;COOH is indis- 
tinguishable by chemical degradation from a mixture containing unlabeled 
acetate and C*H;-C*OOH. However, by mass analysis of the acetate it 
was possible to show that a part of the molecules had the mass which 
would be required if both carbons contained C™, and thus to prove that 
there was total synthesis from CQO, (8). Approximately one-third of the 
acetate was formed with both carbons arising from COs, one-third with 
1 C8-carbon which was in the carboxyl group, and one-third unlabeled 
and formed entirely from glucose carbon. Since carboxyl-labeled acetate 
was observed to undergo exchange with CO, when added to glucose fer- 


* Supported in part by a grant from the American Cancer Society upon recom- 
mendation of the Committee on Growth of the National Research Council, and the 
Elisabeth Severance Prentiss Foundation. The radioactive isotope used in these 
studies was obtained on allocation from the Atomic Energy Commission. 
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mentations, it was considered that the carboxyl-labeled acid was formed 
by a secondary exchange with CO.. Thus the results (8) were in essential 
agreement with the proposal of Barker and Kamen with the exception 
that exchange of CO, with the carboxyl of acetate was believed to be 
superimposed on the primary conversion indicated in Equations | and 2. 
The actual mechanism of the conversion of CO, to adjacent carbons in 
acetate remains obscure, however (7). 

In the present investigation an attempt has been made to obtain further 
information by fermenting different types of labeled glucose and determin- 
ing the distribution of the label in the resulting acetate. It seemed possi- 
ble that a cleavage differing from the traditional split to two C3; com- 
pounds might occur and that the unique fixation of CO: might be asso- 
ciated with this cleavage. The recent observations of Gunsalus and 
Gibbs (9), Demoss (10), Entner and Doudoroff (11), Wood and Leaver 
(12), Wood (13), and Horecker (14) make it amply clear that there are a 
number of different mechanisms whereby glucose is cleaved by micro- 
organisms. 


Methods and Results 


It has been found that vigorous fermentation of glucose can be obtained 
with fixation of CO, in both positions of acetate when a heavy suspension 
of young cells is employed under anaerobic conditions. The growth 
medium was 1 per cent glucose, 0.5 per cent Difco yeast extract, 0.5 per 
cent Difco tryptone, 0.05 per cent (NH4)2SO,4, 0.05 per cent sodium thio- 
glycolate, 0.01 per cent MgSO,4-7H.O, 0.08 m NaHCOs, 0.04 m K,HPO,, 
and 0.04 m KH2PO,. The bicarbonate and phosphate were sterilized 
separately, saturated with CO, and then mixed with the other constitu- 
ents, which were sterilized in combination. The bacteria were grown at 
55° under COs and were harvested after 48 hours by centrifugation in 
stoppered 250 ml. bottles from which the air had been displaced with tank 
CO,. The cells were washed once with approximately 5 volumes of 0.125 
mM NaHCO; which had been saturated with CO... The packed cells were 
then weighed and made up to 40 per cent by volume in the bicarbonate 
under CO,. All solutions were saturated with CO: and exposure of the 
cells to air was avoided. 

The fermentations were conducted under CO, at approximately 55 cm. 
of Hg pressure in a 1 liter round bottom flask having ground glass joints 
fitted with a funnel and gas outlet with stop-cocks. The large pool of 
unlabeled CO, was used so that any C“O, which was produced from the 
labeled glucose would be diluted with unlabeled CO,. This procedure 
was necessary in order to reduce the conversion of C™ to the acetate via 
the indirect route through oxidation of glucose to C“O2 and subsequent 
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fixation in the acetate. Since approximately one-third of the methyl 
groups and two-thirds of the carboxyl groups arise from COs, this indirect 
route could be an important source of C™ in acetate if the above precau- 
tions were not taken. On the other hand, under these conditions C™ that 
did enter the acetate by direct conversion might be diluted by exchange 
reactions with the low activity CO». However, on the assumption which 
would give maximum dilution, 7.e., that all the CO» was fixed in acetate by 
exchange reactions, there would be no more than two-thirds dilution in 
the carboxyl group and one-third in the methyl group. 

The glucose, bicarbonate, and bacterial suspension were added to the 
flask through the funnel which was being swept with COs. gas. The sus- 
pension was then shaken continuously in a water bath at 55°. Simul- 
taneously the rate of fermentations was followed manometrically in 15 
ml. Warburg vessels containing 1 ml. of the fermentation mixture under 
CO... The reaction was stopped in the large flask when the gas evolution 
ceased in the small Warburg vessels. 0.11 mM and 0.13 mM of gas were 
liberated respectively from the bicarbonate with the glucose-3 ,4-C™ and 
glucose-1-C'. From the 0.05 mm of glucose present somewhat less than 
0.15 mM was expected. 5 ml. of 1 N H2SO, were added to the 1 liter 
flask and the COz2 was removed by flushing with nitrogen at room tempera- 
ture for 1 hour. The CO, was collected in 30 ml. of 5 N sodium hydroxide 
in a bead tower. 

The bacteria were removed by centrifugation, washed, and an aliquot 
of the combined solution was steam-distilled to obtain the acetic acid, and 
the residual sugar was determined on a second aliquot (15). The acetic 
acid was degraded by pyrolysis of the barium salt (8). In separate fer- 
mentations it has been found that acetic acid is the only volatile acid 
present. An aliquot of the residue of the steam distillate was burned to 
CO, (16). All fractions were plated as BaCO ; and counted with an end 
window tube. 

The results are shown in Table I. In the case of the 3,4-labeled sugar 
only one-third was fermented, which represented 1.03 mM of carbon. In 
both fermentations a large part of the carbon of the fermented sugar was 
recovered in the acetate. The CO. produced was not determined because 
such determination could not be done with accuracy, owing to the large 
pool of CO, present. Usually little or no net CO: is produced by these 
bacteria (1, 2, 8). The residue of distillation contained considerable car- 
bon both from unfermented sugar and from material extracted from the 
cells. 

The distribution of the isotope in the acetate and CO, is of interest in 


- that it indicates that there was a traditional cleavage of glucose in which 


there was formation of CO: from the 3 and 4 positions and formation of 
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a C, unit from the 1,2 and 5,6 positions. In this cleavage the 1 position 
of glucose would be expected to become the methyl group of acetate. The 
specific activity of the 1 position of the glucose was 19,500 counts. On 
the basis that 3 acetates are formed from 1 glucose and only | methy! of 
the 3 is from the 1 position, the average activity of the methyl would be 
expected to be 6500 c.p.m. per mm. The specific activity observed was 
6380 c.p.m. permM. By the traditional cleavage very little of the 1 posi- 
tion should go to CO,. Approximately 10 per cent (995 counts) of the 
added total counts were found in the COs. However, it should be noted 
that when methyl-labeled acetate was added to a glucose fermentation 


TABLE I 
Fermentation of Glucose-C'* by Cell Suspension of C. thermoaceticum 


— 


Glucose-1-C4* Glucose-3 ,4-C14* 
Glucose fermented............ 2.78 | 1.03 
1.22 6380 7,980 048 1499 79 
1.22) 172 | 0.48 | 217 104 
Om 26.2 | 38 | 995!28.7 | 141 | 4046 
Residue of distillation........ | 4.13 1978 | 
Sum of total counts.......... | 11,000 — 9940 
3.10 3250 10,070 3.11 2882 9730 


Medium, 10 ml. in a | liter flask, 0.05 m glucose, 0.125 m NaHCOs;, 20 per cent 
bacteria (wet weight). Atessaphere. CO, at 55 em. of Hg pressure; temperature, 
55°. Incubation time for glucose-3,4-C™, 9 hours; for glucose-1-C"™, 4.5 hours. 

* The glucose-1-C'* was obtained trom the National Bureau of Standards; the 
glucose-3,4-C!* was isolated from rat liver. 


about 14 per cent of the activity was recovered in the CO: and 2 per cent 
in the carboxyl of acetate (8). It therefore appears likely that the greater 
part of the conversion of the | position of glucose to COs and the carboxy! 
of acetate may have occurred by secondary reactions of the acetate fol- 
lowing the primary formation from the glucose. 

In the case of the glucose-3 ,4-C™ the specific activity of the 3,4 posi- 
tions was approximately 8600 c.p.m. per mm. The specific activity of 
the methyl and carboxyl groups of the acetate was 149 and 217, respec- 
tively, which is less than 3 per cent that of the 3,4 positions. Thus there 
was very little direct conversion of the 3,4 positions of glucose to acetate. 
Part of the activity of the acetate may have occurred because the original 
glucose-3 ,4-C™ was of biological origin (rat liver glycogen) and probably 
contained some activity in positions other than 3 and 4. Degradation of 
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the original glucose with Lactobacillus casei (17) indicated that the 2,5 
and 1,6 positions had a specific activity of about 2 per cent that of the 
3,4 positions. 

With regard to the CO, it can be seen in Table I that the major part of 
the total activity of the fermented glucose was converted to COs, as would 
be expected from a traditional cleavage. 


SUMMARY 


Glucose-1-C™ and glucose-3 ,4-C' have been fermented by cell suspen- 
sions of Clostridium thermoaceticum and the acetate has been degraded. 
From l-labeled glucose the acetate is predominantly methyl-labeled. 
From 3,4-labeled glucose very little C™ enters into the acetate directly. 
The results are in agreement with the proposal that the 1,2 and 5,6 posi- 
tions of glucose are converted directly to acetate and that the 3rd mole- 
cule of acetate is formed by synthesis from COs. The 3 and 4 carbons 
are the source of the COs. 
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In the first paper of this series (1), conditions were outlined for the 
extraction of a soluble DPNH (reduced diphosphopyridine nucleotide)- 
cytochrome c reductase from pigeon breast muscle. The enzyme has now 
been obtained in good yield from pig heart muscle. The present report 
deals principally with the isolation, purification, and properties of the heart 
enzyme, the nature of the prosthetic group, and the relation between 
diaphorase (2, 3) and reductase activity. 


Results 
Purification of Enzyme 


Assay System—The method for determination of enzymatic activity has 
been described (1). In the standard assay system for reductase activity, 
the experimental cuvette contains 0.105 um of oxidized cytochrome c, 0.60 
um of DPNH, and 67 un of diol (2-amino-2-methyl-1 ,3-propanediol) buffer, 
pH 8.5, in a total volume of 3.0 ml. To measure diaphorase activity 0.12 
uM of 2 ,6-dichlorophenolindophenol was substituted for cytochrome c. In- 
crease in optical density at 550 my (reductase) or decrease at 600 mu 
(diaphorase) was measured at 15 or 30 second intervals. The unit of 
enzymatic activity is defined as an optical density change of 1.00 per 
minute. Specific activity then is the number of units per mg. of protein. 

Preparation of Lyophilized Extract—4500 gm. of chilled, diced, washed 
heart muscle are homogenized for 2 minutes in Waring blendors with 13.5 
liters of 0.02 m K2HPO,. (All operations, except when otherwise indicated, 


* A preliminary report of a portion of this work was presented at the meeting of 
the American Society of Biological Chemists at New York, April 14-19, 1952. 

t Present address, 92 Upper Circular Road, Calcutta, India. 

t Postdoctorate trainee of the National Heart Institute, National Institutes of 
Health. Present address, Mallinckrodt Institute of Radiology, Washington Univer- 
sity School of Medicine, St. Louis, Missouri. 
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are carried out at temperatures between 0—4°.) Cellular débris and some 
mitochondria are removed by centrifugation at 2000 * g for 30 minutes, 
The supernatant is brought to pH 5.4 by means of acetic acid, and the 
residue collected by centrifugation at 2000 XK g. The sediment is washed 
by suspension in 2 liters of glass-distilled water and again centrifuged at 
2000 X g for 25 minutes. The particles are then extracted with 700 ml. 
of 10 per cent ethanol] for 15 minutes at 42—44°. The suspension is chilled 
rapidly, and insoluble material is removed by centrifugation for 20 minutes 
at 2000 X g. The yellow supernatant, containing the enzyme, is then 
lyophilized. Yield is 1.5 to 2.5 gm. of dry, light tan powder of specific 
activity 20 to 35. 


DIAGRAM 1 


Fractionation of DPNH-Cytochrome c Reductase 


Dissolve 2.0 gm. of dry protein (3.5 to 4.0 gm. of lyophilized extract) in 300 ml. 
of water, and add 60 gm. of (NH,)2SO, slowly with thorough stirring.* 


Supernatant S, 


Add 90 gm. (NH,)2SO, 
Supernatant 


Discard 


Supernatant 8S; 
Discard 


Supernatant S, 
Add 3.0 gm. (NH,)2SO, at pH 
8.0 to 8.2 
Supernatant §; 
Discard 


Supernatant Sz 
Add 0.450 gm. (NH,)2SO, 


Supernatant 8S, 


Ppt. Ri 
Discard 
Ppt. 
Dissolve in 0.05 m phosphate, pH 7.2, to final 
volume of 75 ml.; specific activity 30 to 50; 
add 19.5 gm. (NH,).SO, 
Ppt. Rs 
Dissolve in 0.05 m phosphate to final volume 
of 55 ml.; specific activity 90 to 125; add 
10.5 gm. (NH,)2SO,; adjust pH to 8.0 to 
8.2 with concentrated NH,OH 
Ppt. 
Discard or refractionate 


Ppt. R; 
Dissolve in 15.0 ml. H.20; specific activity 
130 to 155; add 3.25 gm. (NH,) SO, 
Ppt. Re 
Dissolve in 10.0 ml. H,O; specific activity 
140 to 180 
Ppt. R; 
Dissolve in 10.0 ml. H,0; specific activity 
150 to 195 


* Allow solutions to stand for 10 to 20 minutes after each addition of ammonium 
sulfate; then centrifuge at high speed, decant supernatant, and treat precipitates 
and supernatants as shown in the diagram. 


Fractionation—The purification scheme outlined in Diagram 1 makes use 
of the ease with which this enzyme can be separated from other proteins 
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by means of ammonium sulfate fractionation at different hydrogen ion 
concentrations and in the presence or absence of phosphate ions. 

Specific Activity and Recovery——Diagram 1 and Table I indicate the re- 
eoveries and purifications obtained during fractionation. The test system 
for the soluble reductase measures enzymatic activity under optimal condi- 
tions for this enzyme, 7.e. at an alkaline pH and in the absence of phosphate 
and cyanide. These conditions are unfavorable for evaluating the activity 
of the particulate preparations at the first two stages. Accordingly, the 
activity of these preparations was measured under conditions reported to 
be optimal for particulate preparations (4). Recoveries are good up to and 


TABLE 
Preparation of DPNH-Cytochrome c Reductase 


Fractions Specific activity, Total activity Net protein R= 
unils per mg. units me. | 
0.377 45,200 120,000 0.95* 
II. Washed ppt., pH 54 1.18 36,700 31,000 1.18* 
III. Lyophilized extract 30.0 30,000 | 1,000 2.04f 
3.56t 
IV. Ppt. Re 48.2 28,000 560 3.70t 
118 25,250 214 | 3.48% 
7,880 42.8 | 3.58t 


* Reductase and diaphorase measured in 0.05 m phosphate, pH 7.4, in the presence 
of 10°? Mm cyanide. 

t Reductase measured under standard conditions; diaphorase measured as under 
asterisk foot-note. 

t Both activities measured under standard assay conditions. 


including the R; stage, but drop rapidly thereafter. The yield of purified 
enzyme may be increased by refractionation of the R, stage fractions 
(Table I) which contain about half of the total enzyme protein. 

Further Purification—Occasional preparations showed specific activities 
lower than those indicated in Table I. Such enzymes have been purified 
by adsorption of some of the impurities on calcium phosphate gel (0.5 per 
cent protein solution, 3 to 5 mg. of gel per 10 mg. of protein), followed 
by refractionation with ammonium sulfate and repetition of the gel treat- 
ment. Preparations with a specific activity of 180 to 190 could not be 
purified further, regardless of the method tried. Such procedures as meth- 
anol, ethanol or acetone fractionation, adsorption on calcium phosphate 
and alumina Cy gels, etc., improve the absorption spectrum of the enzyme, 
by removing the last traces of persistent hematin impurities, but are with- 
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out effect on specific activity. It wiJl be shown later that a preparation of 
specific activity around 190 contains but a single component. 

Stability of Enzyme—The lyophilized extract is stable for several months 
at —12°. The purified enzyme is best stored as a solution, | per cent ip 
enzyme protein and 1 to 2 per cent with respect to albumin, in the froze 
state at —10°. Such preparations show little loss in activity during several 
weeks of storage. At 0° they are stable for several hours, while at 30° 
half the enzymatic activity is destroyed in 30 minutes. 


Absorption Spectrum 


Solutions of highly purified DPNH-cytochrome c reductase with a spe- 
cific activity of 175 or better are dark yellow, show a three-banded spec- 
trum, characteristic of flavoproteins (Fig. 1), and do not fluoresce. Unless 
the last traces of a very persistent hemin impurity with a maximum at 
412 my are removed, the flavin spectrum is completely obscured. After 
removal of this impurity, the absorption spectrum of the enzyme shows 
maxima at 440, 355, and 275 mu. This is unusual, since in most other 
flavoproteins the two flavin maxima at 450 and 370 mu are shifted about 
5 to 10 my towards longer wave-lengths. 

The enzyme is easily reduced by chemical agents, such as dithionite or 
sodium borohydride. Reduction with borohydride is reversible, but some 
denaturation always accompanies dithionite reduction. The spectrum of 
the enzyme after reduction is shown in the insert of Fig. 1. It can be seen 
that a certain amount of residual absorption between 400 and 500 maz is 
present after reduction (5). The reduced enzyme is easily oxidizable by 
air, but when anaerobicity is maintained its spectrum is obtained in the 
presence of excess DPNH. 


Physical Characterization of Enzyme 


Electrophoresis Experiments-—Various preparations of the enzyme have 
been examined in a Tiselius apparatus equipped with a cylindrical lens 
schlieren optical system. Two electrophoretic patterns are shown in Fig. 
2. The pattern of Fig. 2, A is for a preparation of specific activity 130 
units per mg. in a 0.05 molal phosphate buffer of pH 7.1. That the ma- 
jor peak, which represents 80 per cent of the protein in the preparation, 
carries all of the yellow pigment was shown by taking photographs with 
light of 436 mp wave-length (isolated from the H-4 mercury lamp spec- 
trum with a combination of Wratten filters Nos. 2a and 34). Samples 
withdrawn from the electrophoretic cell after the experiment confirmed 
the conclusion that this major component was the enzyme. 

The pattern of Fig. 2, B is for a sample of higher specific activity (157 
units per mg.) analyzed under conditions which produce better resolution 
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of the minor component (glycylglycine buffer of 0.05 ionie strength and pH 
8.25). 

Uliracentrifuge Experiments'—Corresponding samples were examined in 
the Spinco analytical ultracentrifuge. Samples of specific activity 130 to 
150 show two components, the major component containing from 72 to 85 
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Fig.l. The absorption spectrum of DPNH-cyvtochrome ¢ reductase. Experimental 
points (not shown) taken at 5 my intervals, except near maxima or minima (2.5 my). 
Extinetion coefficients based on a value of 1.04 * 10®em.? K mole”! at 455 my. Spe- 
cifie activity of enzyme preparation used = 195 units per mg. In the insert, the 
portion between 300 and 500 my is enlarged to show band details. Curve 1 obtained 
by treating the enzyme with dithionite (or sodium borohydride); Curve 2 obtained 
by anaerobie reduction of a preparation of specific activity 157 in the following svs- 
tem: 20 mg. of reductase, 60 um of diol, pH 8.5, 50 um of DPNH (98 per cent pure) in 
a total volume of 3.0 ml. 


per cent of the total protein and all the colored material. A sample of 
specific activity 175 was also examined and its sedimentation pattern is 
given in Fig. 3. As can be seen, no more than 10 per cent of the total 
protein is present as components with sedimentation constants differing 
from that of the major peak. 

Purity and Homogeneity —Thus, it has been possible to demonstrate that 
DPNH-cytochrome ¢ reductase preparations of high specific activity show 

‘Some of the ultracentrifuge runs were carried out by Mrs. C. A. Claus, Jr., of the 
Department of Physiological Chemistry, University of Wisconsin. 
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but a single boundary on electrophoresis and ultracentrifugation. The 
data also permit one to calculate the specific activity of a pure enzyme 
preparation. This calculation leads to a value of 190 units per mg. for 
such an enzyme. Samples of specific activity 185 to 195 have actually 


Fic. 2 Fic. 3 
Fic. 2. Electrophoretic schlieren pattern of DPNH-cytochrome ¢ reductase. A, 
specific activity 130 units per mg.; phosphate buffer, pH 7.1, 0.05 molal; 1.91 volts 


per cm. for 369 minutes. Mobilities, major component = —2.5 em. volt™!; 
minor component = —4.3 10-5 em.? volt~! see.-'._B, specific activity 157 units per 
mg., glyevlglycine buffer, pH 8.25; ionic strength = 0.05; 5.11 volts per em. for 118 
minutes; u = —3.3 em.? volt~! see.~!. 


Fic. 3. Velocity sedimentation photographs. Exposure 1 taken 16 minutes after 
full speed was attained, Exposure 2 after 48 minutes, Exposure 3 after 96 minutes, 
and Exposure 4 after 128 minutes at a full speed of 59,780 r.p.m. (bar angle 35° for 
first exposure, 30° for remainder). Specific activity 175 units per mg.; protein con- 
centration 0.80 per cent; temperature of rotor 7.2-9.9°. 


been obtained and could not be purified further by any of the methods 
mentioned earlier. 


Molecular Weight 


The ultracentrifuge experiments provide a value of 5.1 to 5.3 for the 
sedimentation constant (S200). Assuming the same diffusion coefficient 
as the “old” yellow enzyme, which has been studied thoroughly (6, 7), 
calculation leads to a molecular weight of 75,000 to 80,000. From the data 
of Fig. 1, it is also possible to calculate a minimal molecular weight based 
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on flavin content. Assuming a molecular extinction coefficient for flavo- 
proteins at 455 my of 1.04 & 10° cm.? X mole™ (5), the concentration of 
reducible flavin was 1.03 X 107‘ mole per ml. The protein concentration 
was found to be 8.0 mg. per ml.; thus, the minimal molecular weight can 
be calculated to be 78,000. It can be seen that the two calculations are in 
satisfactory agreement, assuming one flavin group per molecule. 


Prosthetic Group 


When the holoenzyme is split by precipitation with ammonium sulfate 
at pH 3.5, by heat denaturation or TCA (trichloroacetic acid) precipita- 
tion, a yellow, strongly fluorescent solution is obtained. After removal of 
non-nucleotide material (precipitating agent), the solution shows an ab- 
sorption spectrum typical of flavin nucleotides, with the spectral properties 
indicated in Table IT. Paper chromatography of a flavin obtained by heat 


TABLE II 
Comparison of Flavin Spectra 


All values are adjusted to give an optical density = 1.000 at 450 my. Flavin com- 
ponent prepared by treating a preparation of specific activity 195 with TCA. Acid 
removed by extraction with ether. Values read against a blank treated ina similar 
manner. 


Flavin | FAD | RMP} equimolar RMP Flavin — of 
mp | | | | 

450 | 1.00 | 1.00 | 1.00 1.00 

370 0.79 0.87 0.87 0.90 

260 3.64 3.90 2.45 | 3.65 


denaturation of a preparation purified to the R; stage reveals three flavins, 
as shown in Fig. 4. This may indicate either contamination by other 
flavoproteins or the breakdown of the reductase flavin during splitting. 
The observed chromatogram shows a weakly fluorescent spot corresponding 
to FAD (flavin-adenine dinucleotide) and two stronger spots corresponding 
to RMP (riboflavin monophosphate) and riboflavin. The purity of an 
enzyme purified to the R; stage (specific activity 190) definitely excludes the 
possibility of contaminants in sufficient quantity to give the observed 
results. All these observations can best be explained by breakdown of the 
reductase flavin (which must then be a flavin dinucleotide) during its re- 
moval from the protein moiety. 

A TCA extract of a purified enzyme was analyzed for the components of 
flavin-adenine dinucleotide, with the results given in Table IIT. All the 
component parts were found to be present in the correct proportions, giving 
corroborative proof of the dinucleotide nature of the reductase flavin. 
Evidence that the prosthetic group is a flavin-adenine dinucleotide not 
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identical with FAD is given by the fact that the TCA extract gave no p- 
amino acid oxidase activity, yet gives a dinucleotide spot on paper chro- 
matograms. Also, the fact that the reductase flavin cannot be removed 
intact during the splitting of the holoenzyme, while such treatment does not 
harm FAD, suggests that the reductase flavin is not FAD. 

Reversible Splitting—It has not been possible to obtain an active apo- 
enzyme trom DPNH-cytochrome c reductase by means of either acid (5, 8) 


Rb FAD RMP 
Rb 
RMP 
FAD 
X+RMP 
+RbB 
5 10 25CM 
Rb 
RMP 
FAD 
x 
X+RMP 
> 
FAD RMP Rb 


Fic. 4. Paper chromatographic patterns of flavin derived from purified enzyme 
and flavin standards. Rb = riboflavin, RMP = synthetic riboflavin-5’-phosphate, 
FAD = flavin-adenine dinucleotide, X = flavin from pure enzyme, split as described 
in the text. The shaded area is present in some preparations only. The solvent 
systems of (1) 5 per cent K2HPO, and amy! alcohol according to Carter (26), (2) tert- 
amyl alcohol (3 parts), water (3 parts), and formie acid (1 part) after Hanes and 
Isherwood (27). Anessentially similar pattern is also obtained in a solvent system of 
butanol (3 parts), pyridine (3 parts), and water (1 part) and in that described by 
Crammer (28). All flavins placed on starting line in streaks, approximately 2 mm. 
wide; concentration applied, approximately 2 K 10-5 mM; ascending chromatography; 
total distance traveled and spreading of spots as shown on the figure. 


or alkaline (9) ammonium sulfate precipitation, by subjecting the enzyme 
to freezing and thawing, or by prolonged dialysis under a variety of condi- 
tions. Although soluble proteins are obtained, they cannot be reactivated 
with RMP, FAD, or the flavin nucleotides split from either a crude or a 
purified enzyme. However, ammonium sulfate precipitation at pH 3.5, or 
lyophilization of a purified enzyme solution, results in an enzyme which is 
very unstable, losing 90 per cent of its activity within 5 minutes at room 
temperature or within | hour at 0°. Incubation with certain nucleotides 
maintains the initial activity, and when such samples are compared with 
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the preparations incubated with water under identical conditions, they 
show an apparent reactivation. In no case can the activity be increased 
above that originally present «mmediately after precipitation of the enzyme 
at pH 3.5, or upon dissolving some of the lyophilized powder in water at 
0°. The ability of various substances to maintain this initial activity is 
shown in Table IV which demonstrates that many compounds at relatively 
high concentrations are able to effect stabilization. The flavin from a 
purified enzyme is about 50 times as effective as AMP a (adenylic acid a), 


TaBLe III 
Analysis of Nucleotide (or Nucleotides) Obtained from Purified Enzyme 


All analyses on ether-extracted TCA extract of a preparation of specific activity 
195. Flavin concentration in extract 1.24 K 10-5 mM. 


Constituent | Method ty 
density) 
Flavin | Optical density at 450 mu 1.0 
‘as riboflavin - Microbiological 0.95 + 0.05 
FAD _p-Amino acid oxidase 0.0 
RMP + riboflavin _ Fluorescence 1.00 + 0.05 
Ribose ' Orcinol 1.10 + 0.05* 
Total phosphate _ Fiske-Subbarow after incubation with | 2.1 + 0.09 
nucleotide pyrophosphatase + intesti- 
nal phosphatase 
Adenylie acid Adenosine deaminase after incubation | 1.0 + 0.13 
with intestinal phosphatase 
Adenosine Adenosine deaminase in phosphate to | 0.1 + 0.1 
inhibit phosphatase action 
Total adenine _ Absorption at 260 mu (corrected for ribo- 1.10 
flavin) 


* Corrected for blank in presence of riboflavin (0.3). 


which is the most effective nucleotide of known structure. The level at 
which the reductase flavin is effective approaches that observed in typical 
reactivation experiments (5). Although this type of experiment is not as 
conclusive as one in which absolute reactivation is observed, a considerable 
degree of specificity does seem to be operative. In this light, when the 
high activity of the reductase flavin is compared with the complete inac- 
tivity of FAD, the non-identity of the two flavins again becomes apparent. 


Relation of Reductase to Diaphorase Activity 


Preparations of DPNH-cytochrome c reductase always show diaphorase 
activity ; 7.e., dyes such as methylene blue or 2 ,6-dichlorophenolindophenol 
are able to substitute for cytochrome c as electron acceptors. The follow- 
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ing facts bear on the possible identity or non-identity of the enzymes 
catalyzing the two different reactions: (a) R, the ratio of specific reductase 
activity to specific diaphorase activity, of the first soluble extract, varies 
over a narrow, but significant range. The extremes of this range are 2.0 


TaBLe IV 
Stabilization by Various Nucleotides 

A preparation of specific activity 60 was lvophilized to give a powder of specific 
activity 5.6, which was dissolved in water at 0° to give a solution containing 3.9 mg. 
per ml. 0.1 ml. of this solution was incubated with 0.1 ml. of nucleotide solution 
for 10 minutes at 25°, after which 0.05 ml. of a 1:10 dilution was used for activity 
determinations. The per cent retention of activity is based on a specific activity 
of 5.6 as 100 per cent retention. 


Compound 

Flavin from reductase of specific activity 0.6 | 92 

180 by heat denaturation | 3 100 

FAD | 5 0 

15 0 

FAD’ 15 0 

RMP 6 0 

500 20 

RMP’ 10 0 

Adenosine-5’-phosphate 10 0 

50 78 

AMP a 5 0 

50 100 

5 0 

50 51 

RMP 60 0 
AMP a 5 

Lyxoflavin or riboflavin or galactoflavin | 10 0 

Sucrose 1000 0 

DPNH 60 0 

Albumin | 5t 39 


* A mixture of riboflavin-5’-phosphate at a concentration of 60 x 10-8 M t plus 
adenylic acid a at a concentration of 5 X 10-5 Mo. 


t Mg. per ml. 


to 4.0 when the assays are carried out under standard conditions. (0) 
Once the enzyme has been solubilized, R remains constant throughout the 
purification procedure, as shown in Table I. (c) Any additional fractiona- 
tion attempted at any stage similarly fails to separate the two activities 
and does not change R. R also shows the same constant value in the 
fractions of low activity, ordinarily discarded during the procedure.  (d) 
After exhaustive purification a homogenous preparation is obtained. Fur- 
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thermore, on electrophoresis and collection of fractions from the Tiselius 
cell, there is no significant variation of R from fraction to fraction.  (e) 
Reductase activity is not stimulated by the addition of external, highly 
purified diaphorase (10). 

The facts presented in the previous paragraph are adequately interpreted 
by the hypothesis that reductase and diaphorase proteins differ only in 
their steric arrangement around the site binding cytochrome c to the en- 
zyme, but are still so similar in charge distribution, molecular weight, and 
other physicochemical properties as to be inseparable by the methods ap- 
plied. In a statistical sense, this interpretation is indistinguishable from 
one assigning the two different types of activity to the same enzyme mole- 
cule. It may be mentioned that TPNH (reduced triphosphopyridine nu- 
cleotide)-cytochrome c reductase (5) also shows significant diaphorase ac- 
tivity. The rate of reduction of 2,6-dichlorophenolindophenol is about 
the same as that observed with cytochrome c. 


Materials and Methods 


Substrates—Cytochrome c (85 to 90 per cent pure), DPN (diphospho- 
pyridine nucleotide, 90 per cent pure), and TPN (triphosphopyridine nu- 
cleotide, 62 per cent pure) were obtained from the Sigma Chemical Com- 
pany. DPNH and TPNH were prepared by enzymatic reduction with 
alcohol dehydrogenase (11) and Zwischenferment (12), respectively. 

Nucleotides—Pure FAD was prepared by a combination of the methods 
of Dimant et al. (13) and of Warburg and Christian (8). Pure RMP 
(riboflavin-5’-phosphate) was obtained by freeing a synthetic sample 
(kindly supplied by the Hoffmann-La Roche Company) of all traces of 
riboflavin by means of benzyl alcohol extraction. Riboflavin, lyxoflavin, 
and galactoflavin were kindly supplied by Dr. Karl Folkers of Merck and 
Company, Inc. FAD’ and RMP’ (new flavin nucleotides of unknown 
structure) (14) were gifts of Dr. Frank M. Huennekens. 

Adenosine-5’-phosphate, ADP (adenosinediphosphate), and ATP (ad- 
enosinetriphosphate) were commercial preparations. Adenylic acids a and 
b were gifts of Dr. Waldo Cohn. 

Other Materials—Adenine, adenosine, the various substituted ammonia 
buffers (glycylglycine, diol, and tris(hydroxymethyl)aminomethane), and all 
other chemicals used were commercial preparations. 

Enzyme Preparations—The following enzymes were used in this investi- 
gation: D-amino acid apooxidase, prepared according to Negelein and 
Brémel through Step E (15), nucleotide pyrophosphatase from potato (16), 
and a combined phosphatase and adenosine deaminase from intestinal 
phosphatase (17). We are indebted to Dr. B. L. Horecker for the TPNH- 
cytochrome c reductase used. 
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Analytical Methods*—Phosphate was estimated according to Fiske and 
Subbarow (18). For submicro phosphate determinations, a combination 
of the methods of Blanchard e¢ al. (19) and Horecker et al. (20) was used. 
Nucleotide phosphate and nucleotide pyropbosphate were estimated by 
observing phosphate liberation in a sample after enzymatic hydrolysis with 
alkaline phosphatase and with nucleotide pyrophosphatase plus phospha- 
tase, respectively. FAD was estimated manometrically with the p-amino 
acid oxidase apoenzyme (8, 15). Other analytical methods used were mi- 
crobiological flavin determination (21), fluorometric flavin determination 
(22), total flavin by extinction at 450 muy, with a value of « = 11.3 X 105 
em.” mole (13), adenosine and adenylic acid (17), ribose (23), and protein 
by biuret reaction (24), or by ultraviolet absorption (25). The two meth- 
ods used for determination of protein concentration agree to within +5 per 
cent when employed with enzymes beyond the Rez stage. 

Paper Chromatography—Ascending chromatography was used with the 
following solvent systems: amy! alcohol-phosphate (26), tert-amyl1 alcohol- 
formic acid-water (27), butanol-acetic acid-water (28), and a system con- 
sisting of butanol (3 parts), pyridine (3 parts), and water (1 part). Square 
sheets of Whatman No. 4 filter paper, approximately 25 cm. X 25 cm., 
were used and chromatograms were developed for 12 hours. 


SUMMARY 


1. DPNH-cytochrome c reductase has been isolated in highly purified 
form from an alcohol extract of pig heart particles. 

2. The preparation shows a modified flavoprotein spectrum with maxima 
at 275, 355, and 440 mu. 

3. The homogeneity of purified reductase preparations has been estab- 
lished by means of physicochemical methods. 

4. The molecular weight has been calculated as 75,000 to 80,000, based 
on a sedimentation constant of 5.1 to 5.3. The minimal molecular weight 
calculated from flavin content was found to be 78,000. 

5. Evidence obtained from paper chromatography, analytical data, and 
reactivation experiments indicates that the prosthetic group is a flavin 
dinucleotide and is not identical with FAD. 

6. Although all reductase preparations show diaphorase activity, this 
latter activity is believed to be an inherent property of the enzyme, as 
isolated, and not due to the presence of Straub’s diaphorase. 


2 Microbiological flavin determinations were carried out by the Wisconsin Alumni 
Research Foundation, Madison, Wisconsin, through the courtesy of Dr. L. J. Teply, 
and by Dr. David Hendlin of the laboratories of Merck and Company, Inc., through 
. the courtesy of Dr. Karl Folkers. 
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STUDIES ON DIPHOSPHOPYRIDINE NUCLEOTIDE- 
CYTOCHROME REDUCTASE 


IIL. KINETIC STUDIES* 
By LEO P. VERNON,+ H. R. MAHLER, ano N. K. SARKARt 


(From the Institute for Enzyme Research, University of Wisconsin, Madison, 
Wisconsin) 


(Received for publication, May 23, 1952) 


Some properties of a soluble, highly purified DPNH (reduced diphospho- 
pyridine nucleotide)-cytochrome c reductase from heart tissue have been 
described (1, 2). The present communication will consider in more detail 
the reaction catalyzed by the enzyme. Since diaphorase activity appears 
to be invariably associated with reductase activity, an attempt has been 
made to examine both activities whenever possible. 


Results 


Stoichiometry-—The results of Table I indicate that Equation 1 is an 
adequate representation of the reductase reaction. 


(1) DPNH + 2 cytochrome c Fe*** — DPN* + 2 cytochrome c Fett + Ht 


The number of moles of cytochrome c reduced per mole of DPNH reacting 
was always somewhat lower (about 5 to 8 per cent) than the theoretical 
value of 2.00. 

pH Optima-—pH-rate curves for the two activities associated with a 
purified preparation are shown in Fig. 1, A. The sharp rise in activity, 
when the optimal pH is approached from the acid side, appears to be 
fairly characteristic for pyridine nucleotide-cytochrome reductases (3). 

Turnover Number—While the turnover number for diaphorase activity 
is independent of enzyme concentration over the range tested (lower curve 
in Fig. 1, B), reductase activity shows a marked dependence on concen- 
tration. The sharp break in the curve at very low enzyme concentrations 
is a surprising feature of this system. A similar observation has been re- 
ported for the classical diaphorase (4). The turnover number for DPNH- 
cytochrome c reductase appears to be about 10 times higher than that found 


* A preliminary report of a portion of this work was presented at the meeting of 
the American Society of Biological Chemists at New York, April 14-19, 1952. 

t Postdoctorate trainee of the National Heart Institute, National Institutes of 
Health. Present address, Mallinckrodt Institute of Radiology, Washington Uni- 
versity School of Medicine, St. Louis, Missouri. 

{ Present address, 92 Upper Circular Road, Calcutta, India. 
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for the corresponding TPNH (reduced triphosphopyridine nucleotide) en- 
zyme (3) at equal enzyme concentration. 

Michaelis Constants—The rate of cytochrome c reduction at different 
concentrations of DPNH and cytochrome c is shown in Fig. 2. Similar 
observations for 2,6-dichlorophenolindophenol and DPNH are recorded 
in Fig. 3. 

Since two different enzymatic activities, each involving two variables, 
have been measured, Lineweaver-Burk plots (5) of the rate data make 
possible evaluation of the accompanying sets of constants.!. The data just 


Reductase (cytochrome c as acceptor, Diaphorase (2,6-dichlorophenolindophenol 


enzyme 4.8 X 107% m) 4S acceptor, enzyme 6 X 
DPNH con- Appxnu = 1.9 X 10° mM = 2.3 X 10°49 M 
centration Vorxn = 3.8 X 10°* mole X Viopna = 2.6 X 10-5 mole x 
varied liter-! X min.~! liter’! min. ! 
Acceptor con- Keyt. = 1.2 Kindoph. = 6.4 K 107-4 
centration = 3.5 10-5 mole X Vindoph. = 7.2 KX 10°° mole x 
varied liter’? min. ! liter! X 


presented are of some interest from several different points of view. (a) In 
view of the apparent complexity of the oxidation-reduction reactions 
studied, the fit of the four Lineweaver-Burk plots is quite surprising and 
makes it necessary to account for this observation in any postulated reac- 
tion mechanism. (b) Although cytochrome c and indophenol concentra- 
tions enter into the reaction of Equation 1 in the proportion of 2 moles 
per mole of DPNH, they show direct proportionality to S/v; this suggests 
that the rate-determining step, in the presence of excess DPNH, only 
involves 1 molecule of oxidant. (c) The first step in both the cytochrome c 
and the indophenol reaction involves interaction with, and probably reduc- 
tion of, the flavoprotein enzyme by DPNH. If Kppnu were a simple 
equilibrium constant, then, since the same equilibrium is involved in the 
first step of either reaction, it should be equal to Kneun- Since the two 
constants vary by a factor of 10, this suggests they are not simple equilib- 
rium constants (6) and could better be described as K, = (ke + k3)/hi as 


1 The following symbols will be used: K, = Michaelis-Menten constant for sub- 
strate s, S = substrate concentration, V"*: = limiting reaction velocity at S = ~, 
v = measured initial reaction velocity, ki, kz, k; = specific reaction rates, A = Ar- 
rhenius activation energy, Rk = gas constant, 7’ = absolute temperature. The 
dependence of the limiting velocity (V™*:) on the substrate (i.e., the non-identity of 
Vppna and Voy.) for the same reaction is surprising and cannot be explained on 
theoretical grounds. The discrepancy is probably caused by the fact that it is im- 
possible to vary cytochrome c concentrations over as wide a range as DPNH concen- 
trations because of the limitations of the assay method. Similarly, when it is 
necessary to have one of the substrates in excess, it is not possible to have present 
as large an excess of cytochrome c as of DPNH. 
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TaBLeE I 

Stoichiometry of Reaction 

Standard assay conditions (1) were used for Experiment 2. In Experiments 1 
and 3, 0.22 um of cytochrome c was used with 0.1 and 0.2 um of DPNH, respectively. 
Sufficient enzyme was used for the reaction to go to completion in 3 minutes. The 
change in reduced cytochrome c concentration was calculated by multiplying the 
change in optical density at 550 my by 5.35 K 10-5 (16). The DPN produced in the 
reaction was then measured by observing reduction with alcohol and alcohol de- 
hydrogenase at 340 my (18). 


| uM | uM 
Cytochrome c in excess | 0.117 | 0.215 | 1.84 
2 | DPNH in excess 0.0652 | 
3 | About equal concentrations | 0.0830 0.158 | 1.90 
= SOF RED. 1 
Q 4 Zio RED 
20F 12 +f 
2 20} DIAP. Y SP DIAP. 
uJ 
a 56789 10 il 024 6 8 10 l2 
pH mMOLES ENZYME 
PER ml XI0? 


O PHOSPHATE 4 GLYCYLGLYCINE 
e@ DIOL 4 HISTIDINE 


A, activity of DPNH-cytochrome c reductase and associated diaphorase 
asafunction of pH. All buffers were 0.03 m. Standard assay conditions, with 1.0 
of reductase protein of specific activity 110 per test. The relative activities are 
defined as optical density change per 30 second interval, calculated by taking one- 
third of the total density change between 30 and 120 seconds. B, dependence of 
turnover number on enzyme concentration. Turnover number is defined as moles 
of substrate reduced X moles of enzyme! X min.~'. It is calculated for maximal 
velocities (V2,,{*"*) as found by extrapolation of rate of reduction of cytochrome 
for reductase, and 2,6-dichlorophenolindophenol for diaphorase, to infinite substrate 
concentration. Molecular weight of enzyme is assumed as 78,000. Standard assay 
conditions; glycylglycine buffer 0.03 m. Specific activity of enzyme used 140. En- 
zyme concentrations shown on ordinate. 


Fia. 1. 


has been done by Briggs and Haldane (7). In our particular case, k; and kz 
are the specific reaction rates in the forward and reverse direction between 
DPNH and the enzyme, while k3; must be a specific rate constant involving 
the acceptor molecules. An alternate interpretation would be to assume 
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that 2 completely different types of enzyme molecules are involved, and 
that there is no relation between diaphorase activity and reductase activity, 
This is considered unlikely (2). 


O25 T T T T T T T 

C DPNH 

IS} 

iol 

Ji 

% 10 1.5 020406081012 


10 xio-4 


0 10 15 0.20.4060.1.0-1.2 
MOLAR CONCENTRATION (S) 

Fig. 2. Reductase activity. Substrate affinities of cytochrome c and DPNH for 
the enzyme. Standard assay conditions (2) were used except for variation of the 
designated substrate. 1.1 y of reductase protein of specific activity 110 were used 
for each test. In all cases the velocities refer to cytochrome c reduction and were 
calculated by extrapolation to zero time. 
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MOLAR CONCENTRATION (S) X10% 


Fic. 3. Diaphorase activity. Substrate affinities of 2,6-dichlorophenolindophenol 
and DPNH for the enzyme. Standard conditions (2) were used, with 0.15 um of dye 
substituted for cytochrome c. The substrates were varied as indicated. 1.1 y of 
reductase protein of specific activity 110 were used for each test. In all cases the 
velocities refer to dye reduction and were calculated by extrapolation to zero time. 


Activation Energy—The effect of temperature on reaction rate for the 
DPNH-cytochrome c reaction has been determined at six temperatures 
between 0-30°. The data are plotted in Fig. 4. Activation energy A 1s 
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defined by the Arrhenius equation d In k/dt = A/RT? and is found to be 
equal to 12,600 calories for the range 0.0-21.0°. This is to be compared 
to a value of 19,000 as found by Slater (8) for the particle-bound enzyme 
between 17.1—23.2°, and of 12,000 for the TPNH-reductase reaction found 
by Hogness (9). 

The anomalies in the data above 21.0° are of interest. A thorough dis- 
cussion of anomalies of this sort has been given by Stearn (10) and by 
Kistiakowsky and Lumry (11). The latter authors have shown, on theo- 
retical grounds, that no sharp breaks are possible in rate-temperature plots, 


-7.0 T T T T 
8 
-7.2 iy 
& 7.4} 
+ 
-7.8 + 


34 35 36 37 
YT x 10? 


Fig. 4. Arrhenius plot for calculation of activation energy. Two tubes containing 
250 wm of 2-amino-2-methyl-1,3-propanediol buffer, 3 um of DPNH, and 1 yo of 
cytochrome c in 12 ml. were incubated at the designated temperatures for 10 minutes. 
After a zero time reading, 0.2 ml. of enzyme solution containing 50 y of protein per 
ml. was added to the experimental tube and 0.2 ml. water was added to the blank. 
Readings were made by simultaneous withdrawal of 3.0 ml. from the experimental 
and blank tubes, addition of these aliquots to 0.5 ml. of N KH2PQO, (which effectively 
stops the reaction), and determination of the optical density at 550 my against the 
corresponding blank. Aliquots were withdrawn at 1, 2, and 3 minutes. 


and that the only explanations which are not at variance with physico- 
chemical principles must be based on reversible thermal inactivation of the 
enzymes involved. DJPNH-cytochrome c reductase is rapidly and irre- 
versibly denatured at temperatures above 30°, but this irreversible dena- 
turation is not observable at lower temperatures. This observation does 
not, however, rule out the possibility of reversible denaturation. 

Specificity-—The enzyme shows neither reductase nor diaphorase activity 
with TPNH, under standard test conditions. 


Inhibitors 


Anions—Phosphate, pyrophosphate, vanadate, and perchlorate behave 
similarly, about 75 per cent inhibition of reductase activity at 10~° m being 
obtained. Arsenate, sulfate, and chloride are less effective inhibitors at 
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this concentration, in the order given, while cyanide results in a slight 
stimulation. 

The effect of anions on diaphorase activity resembles that observed for 
reductase, except that both phosphate and pyrophosphate at 10~? M give a 
50 per cent stimulation. 

Cations—Cations also exert pronounced inhibitory action on enzymatic 
activity, divalent ions being most effective. To obtain 100 per cent in- 
hibition of reductase activity under standard assay conditions, mercuric 
ions at 10~‘ M, cupric or zinc ions at 10~* mM, calcium, magnesium, or manga- 
nous ions at 10~? M, and barium at 0.1 M are required. Sodium and potas- 
sium show only 40 per cent inhibition at 10-? m. To give complete inhibi- 
tion of diaphorase activity, cupric or mercuric ions at 10~4 M, zine at 10-* m, 
and calcium at 10-? M are required. Magnesium, sodium, and potassium 
are less effective. Barium stimulates diaphorase activity, a maximum of 
150 per cent stimulation at 10-? m being passed. 

Specific Inhibitors—It has previously been suggested that BAL (British 
anti-lewisite, 2 ,3-dimercaptopropanol) (8) and antimycin A (12) are specific 
inhibitors of the particle-bound DPNH-cytochrome c reductase system. 
Antimycin A, when tested with a crude soluble reductase preparation, is 
completely lacking in inhibitory action (1). This result has been confirmed 
at three different antimycin levels (0.1, 1.0, and 5.0 y per ml.) and witha 
highly purified enzyme (specific activity 150). Similar results are obtained 
with BAL. When the same enzyme, in concentrated solution and in the 
presence of albumin (2), is incubated for 30 minutes with BAL in concen- 
trations varying from 0.001 to 0.050 Mo, no effect over an untreated control, 
incubated for the same length of time, is observed. 

Inhibition by Flavins—Atabrine has been shown to be a potent, competi- 
tive inhibitor of the flavoprotein TPNH-cytochrome c reductase (13). 
When analogous experiments are performed with the DPNH enzyme, in- 
hibition by atabrine is also observed, but only at higher levels. The known 
flavin nucleotides are not able to overcome this inhibition in a competitive 
manner. On the contrary, they too are effective inhibitors of the system 
and give similar patterns for both reductase and diaphorase activity. To 
determine the inhibition by flavins, 0.2 ml. of flavin and 0.2 ml. of an 
enzyme solution containing 10 y per ml. are incubated for 15 minutes at 30°. 
The incubation mixture is assayed immediately for activity in the standard 
assay system against a blank incubated with water. Flavin-adenine di- 
nucleotide at 10-4) mM and riboflavin at 10-* m in the incubation mixture 
result in 100 per cent inhibition. Flavin mononucleotide at 10-* m gives 
about 50 per cent inhibition. 

—SH Inhibitors—At a concentration of 10-4 m, chloromercuribenzoate 
(14) shows 100 per cent inhibition of both reductase and diaphorase activ- 
itv. At the same concentration, arsenite, iodoacetate, and iodosobenzoate 
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(14) are completely ineffective. At a concentration of 10-? M, the per cent 
inhibitory action is as follows (for reductase and diaphorase, respectively) : 
arsenite 35, 0; iodoacetate 38, 0; and iodosobenzoate 100, 100. 

Other Inhibitors—It has been suggested that the action of certain steroid 
hormones might be localized on some flavoprotein enzyme, such as DPNH- 
cytochrome c reductase (15). Cortisone and desoxycorticosterone were, 
therefore, incubated with the enzyme and their inhibitory action tested. 
At a concentration of approximately 1 mg. per ml., cortisone is completely 
ineffective. Desoxycorticosterone shows 70 per cent inhibition when incu- 
bated for 15 minutes with the enzyme prior to the addition of the other 
components and 100 per cent inhibition when incubated with the enzyme 
for 25 minutes. At 0.1 mg. per ml., both steroid ketones are completely 
ineffective, even upon prolonged incubation with the enzyme. 2 ,4-Dinitro- 
phenol, up to and including a concentration of 10-* mM, has no effect on 
reductase activity. 2,4-Dinitrophenol at these levels also is without any 
effect, either inhibitory or stimulatory, on the phosphate-inhibited enzyme. 


DISCUSSION 


The soluble DPNH-cytochrome c reductase discussed in this and previ- 
ous papers (1, 2) differs from the particulate enzyme described by Slater 
in several important respects: it is not inhibited by BAL and antimycin, 
it works optimally at alkaline pH and in the absence of phosphate, and it 
is not stimulated by added diaphorase. Several explanations may be 
advanced to account for these differences. We should like to suggest an 
interpretation originally advanced in modified form by Slater (16) as one 
of several alternatives to account for similar differences between his system 
and the highly purified TPNH-cytochrome c reductase (3). In the scheme 


DPNH — flavoprotein — factor — eytochrome ¢ — 


advanced by Slater (8) and confirmed by Chance (17), the flavoprotein is 
to be identified with the enzyme here described. On the particles, the 
arrangement of enzyme proteins is such as to favor interaction between 
the reduced flavoprotein and the factor, but make impossible interaction 
between the reductase and cytochrome c.2- On the other hand, in solution, 
the reductase, when reduced by DPNH, is capable of being reoxidized by 
cytochrome c, which presumably bears close structural resemblance to the 
unknown factor and certainly has the proper oxidation-reduction potential 
to make possible this oxidation. 


? Potter and Reif (12) have found that, at least in certain tissues, a considerable 
quantity of DPNH appears to be oxidized through an antimycin-insensitive pathway. 
This activity may be a measure of the amount of direct reductase-cytochrome c 
interaction in the particulate systems. 
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Materials and Methods 


The purification of the enzyme and the source and preparation of most 
materials used in this investigation have been described (2). We are in- 
debted to Dr. H. A. Lardy for the BAL, and to Dr. W. H. McShan for 
the ketosteroids used in this investigation. The experimental conditions 
employed are described in the text or in the legends of Table I and Figs. 
1 to 4. 


SUMMARY 


1. The stoichiometry, pH dependence, and turnover number for the reac- 
tions catalyzed by highly purified pig heart DPNH-cytochrome c reductase 
have been determined. 

2. A kinetic analysis of the relationships between reaction rates and 
substrate concentrations has led to an evaluation of all the appropriate 
Michaelis constants and limiting velocities. 

3. The reaction has been found to have an activation energy of 12,600 
calories in the range 0—21°. 

4. The inhibitory action of a variety of organic compounds and _ inor- 
ganic ions has been studied. 


It is a pleasure to acknowledge the advice and encouragement of Dr. 
David E. Green and the assistance of Mrs. Robert Richard. 

The research was aided by a grant from the Heart Institute of the Na- 
tional Institutes of Health. Generous supplies of fresh pig heart were 
made available through the courtesy of Oscar Mayer and Company. 
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PAPER CHROMATOGRAPHY OF Cyy STEROIDS* 


By CHARLES D. KOCHAKIAN anp GEORGE STIDWORTHY 


(From the Oklahoma Medical Research Institute and Hospital, 
Oklahoma City, Oklahoma) 


(Received for publication, June 28, 1952) 


The successful use of paper chromatography for the separation of corti- 
coids (2) suggested the general usefulness of this procedure for related 
compounds. ‘Two procedures for the separation of cardiac glycosides and 
aglycones have been described (3, +). Preliminary reports (5, 6) and a 
reference (7) have been made on methods for other steroid hormones. This 
paper describes an effective system for the separation of the Ci steroids 
and efficient colorimetric methods for their detection. 


EXPERIMENTAL 


Apparatus—Pyrex cylinders, 12 & 24 inches with accessories.!. Fluores- 
cence scanner (8). Electric fan with electric heating coil. Micro pipettes.? 

Filter Paper—Whatman No. 1 in sheets 18} & 223 inches, cut to 6 X 
223 inches. 

Solvents—Propylene glycol, Eastman No. 1321 or Matheson No. 2493. 
Benzene, ¢.p., thiophene-free. Cyclohexane. Acetone c.p. Methyl alco- 
hol c.p. Ethyl alcohol, purified by refluxing 2 liters with 5 gm. of 2,4- 
dinitrophenylhydrazine and 1 ml. of hydrochloric acid for 1 hour and 
distilling twice in an all-glass still (9). 

Color Reagents—Alkaline m-dinitrobenzene, 2 per cent (weight per vol- 
ume) purified (10) m-dinitrobenzene, Eastman, in ethyl alcohol, mixed just 
before use with an equal volume of 30 per cent (weight by volume) potas- 
sium hydroxide in ethyl aleohol. 2,4-Dinitrophenylhydrazine, Eastman, 
1 gm. dissolved in 1 liter of ethyl aleohol and 10 ml. of hydrochloric acid. 
Phosphomolybdie acid,? Merck; 5 gm. dissolved in 100 ml. of ethyl alcohol 
(ef. Kritchevsky and Kirk (11)). 


* This investigation was aided in part by an institutional grant from the American 
Cancer Society and in part by a grant from the American Cancer Society on recom- 
mendation of the Committee on Growth of the National Research Council. Pub- 
lication No. 21 from the Oklahoma Medical Research Institute. Part of the data 
was presented before the American Society of Biological Chemists (1) in connection 
with the use of the method for separating metabolites of epitestosterone after in- 
cubation in vitro with liver and kidney tissue. 

‘Purchased from the University Apparatus Company, 2229 McGee Avenue, 
Berkeley 3, California. 

? Purchased from the Microchemical Specialties Company, 1834 University Ave- 
nue, Berkeley 3, California. 

* We are indebted to Dr. T. Kritchevsky for acquainting us with this reagent. 
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Steroids*—5 mg. dissolved in 1 ml. of ethyl] alcohol or acetone. 

Procedure—The methods of preparation of the paper and development 
of the chromatogram were essentially those used for corticoids (2), except 
that 50 ml. of a 1:1 mixture of benzene and cyclohexane saturated with 
propylene glycol were used as the developing solvent. The paper was 
impregnated withthe 1:1 methanol-propylene glycol mixture. The period 
of development was 6 hours for those compounds moving faster than 
testosterone and 17 hours for those moving slower. 

Color Development—On completion of the run, the paper was dried in 
front of an electric fan containing a heating unit, which provided a stream 
of air of approximately 45°. The dried paper was exposed to ultraviolet 
_ light in the fluorescence scanner and a map of the apparent spots was made. 
The paper was resuspended in front of the fan and sprayed with 100 ml. of 
the alkaline m-dinitrobenzene reagent. The spots were outlined in pencil 
and the colors noted. The paper was then sprayed on each side with 50 
ml. of the acid 2,4-dinitrophenylhydrazine reagent. The color produced by 
the alkaline m-dinitrobenzene disappeared and the 2,4-dinitrophenylhydra- 
zones were formed. The paper was washed in a tank of running water to 
remove the excess reagent. 

The presence of non-ketonic steroids was detected by preparing a dupli- 
cate paper chromatogram which was sprayed with 50 ml. of the phospho- 
molybdic reagent. 


RESULTS AND DISCUSSION 


Paper—The Whatman No. | paper was used as purchased and also after 
continuous extraction for 12 hours with water, then with ethyl alcohol (2) 
in a pereolator (Corning No. 7020). The extraction procedure removed 
material which absorbed at 254 my without affecting the rate of movement 
of the steroids. The washed paper strips were checked by the fluorescence 
scanner before use. 

Solvents—Benzene caused a very rapid elution of the steroids; most of 
the steroids advanced with the solvent front. Toluene produced rapid 
movement, but the steroids separated into very diffuse spots. Carbon 
tetrachloride gave a good separation of the steroids, but the spots were still 
rather diffuse. Petroleum ether and cyclohexane produced separation, but 
the rate of migration was very slow. Mixtures of petroleum ether and 
benzene and cyclohexane and benzene, in various proportions, gave a very 
good and a similar separation of the androgens. In both instances the 1:1 
ratio of the solvents seemed to be the most satisfactory for general use. 


‘The steroids were generously provided by the Ciba Pharmaceutical Products, 
Inc., K. Dobriner, M. Ehrenstein, L. F. Fieser, M. N. Huffman, and Merck and 
Company, Inc. 
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The cyclohexane-benzene mixture yielded the more discrete spots and was 
selected for final use. 

Color Reactions—Several methods for developing the color on the paper 
chromatograms were tried. The method finally adopted was to direct a 
stream of warm (45°) air at the paper chromatogram while the color reagent 
was applied in a fine spray. This procedure proved not only to be rapid 
and simple, but also permitted an Observation of the rate of appearance of 
the spots. The alkaline m-dinitrobenzene reagent was applied first because 
it was found that the same paper chromatogram could then be sprayed 
with the acid 2,4-dinitrophenylhydrazine reagent to give the typical 2,4- 
dinitrophenylhydrazones. These spots were made more discrete and more 
readily recognized by washing out the excess 2,4-dinitrophenylhydrazine 
from the paper chromatogram in a tank of running water. The use of the 
2,4-dinitrophenylhydrazine reagent after treatment of the paper chromato- 
gram with the phosphomolybdic acid reagent also resulted in the formation 
of the typical 2,4-dinitrophenylhydrazones, but the dark background pro- 
duced by the phosphomolybdic acid made it difficult to distinguish the 
hydrazones. 

The application of the color reagents by dipping instead of spraying and 
the development of the color by allowing the strips to stand at room 
temperature or in the oven were found to be less efficient and useful than 
spraying in the presence of a stream of warm (45°) air. 

The amount of these steroids detected by the fluorescence scanner was 
at least 1 y. The m-dinitrobenzene and the 2,4-dinitrophenylhydrazine 
reagents permitted the detection of amounts as small as 1 y in a spot 5 
mm. in diameter. After paper chromatography, the amount detectable 
varied from 2 to 5 y, in accordance with the movement and accompanying 
diffusion of the steroid (see Table I). For routine reference standard an 
excess, 10 y, of each steroid was used. 

The order of appearance of the color (Table I) varied with the chemical 
groups present in the steroid. In the m-dinitrobenzene reaction the 3- 
ketosteroids reacted immediately to produce a blue color which, on pro- 
longed (15 to 30 minutes) heating or after 2 days at room temperature, 
faded to a gray. The color appeared again on respraying. The 17-keto- 
steroids gave the typical violet color, which persisted. The 16-keto group 
gave a distinct tan color. 

The color of the 2,4-dinitrophenylhydrazones also varied with chemical 
structure (Table I), thus permitting further characterization of the chem- 
ical groups. The steroids with the a,6-unsaturated ketone grouping re- 
acted immediately with the reagent. The other ketosteroids reacted more 
slowly, but in every instance the maximum reaction occurred within 5 
minutes. It was of special interest that the stereoisomeric position of the 
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17-hydroxy] group influenced the color reaction. Thus, testosterone and 
epitestosterone could be readily differentiated. , 


TABLE I 
Mobility of Androgens in Paper Chromatograms* 
0.11 + V. 
Androstane-38,178-diol................. 0.15 — | 
0.20 | 
Androstane-3a,178-diol-16-one.......... 0.31 | 
A’-Androstene-38,17a-diol.............. 0.32 
0.33 + Y.-O. 
0.42 + O. 
0.45 
Epitestosterone........................ 1.35 + ; O. 
Etiocholan-3a-ol-17-one................ 1.57 V. 
2.07 + O.-Y. 
Adrenosterone......................... 2.08 + Y.-O. 
Androstane-178-ol-3-one............. 2.08 Bl. 
Androstane-3,7,17-trione.. ............ 2.57 V 
A‘: *-Androstadiene-3,17-dione.......... 2.85 + BI.-V Br.-O. 
4.60 
A‘-Androsten-3-one............ 4.81 + Bl. O. 
5.80 V. O.-Y. 
Androstan-3-one....................... 6.25 Bl. Y.-O. 
| 6.30 | V. | 
_ 8.34 _ | 
Androstane-3,17-dione................. | §.40 | V. | 
| 


Whatman No. 1 paper impregnated with propylene glycol-methanol (1:1). De- 
veloped with benzene-cyclohexane (1:1) saturated with propylene glycol for 17 
hours for compounds moving slower than testosterone and 6 hours for those moving 
faster. 

+t R, = (movement of steroid)/(movement of testosterone). 

t Ultraviolet absorption in the Haines-Drake (8) fluorescence scanner. 

§ Colors developed with alkaline m-dinitrobenzene test (DNB) and 2,4-dinitro- 
phenylhydrazine (DNPH). V. = violet; T. = tan; Bl. = blue; Y. = yellow; O. = 
orange; R. = red; L. = lemon; Br. = brown. 


The color produced with the acid phosphomolybdic acid reagent was 
blue for all of the steroids. The appearance of the color, however, varied 
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with the structure of the steroids. The A*-hydroxysteroids reacted im- 
mediately, while the saturated steroids reacted more slowly. 

Mobility of Ci» Steroids—Since it was difficult to locate the solvent front, 
the movement of the steroids is referred to that of testosterone. Therefore, 
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DEVELOPMENT OF PAPERGRAM — HRS 


10 20 30 40 50 60 
Fig. 1. Effect of amount of propylene glycol on the paper and the time of develop- 
ment on the mobility of testosterone. Cyclohexane-benzene (1:1) was the develop- 
ing solvent. 


the values are expressed as R, instead of by the conventional Ry designa- 
tion. 

The results reported in Table I were obtained on paper which had been 
impregnated with propylene glycol-methyl alcohol (1:1), but many of the 
steroids were also studied on paper impregnated with pure propylene glycol. 
The R; values were the same by both methods, but the rate of movement 
was greatly accelerated by the use of the smaller amount of propylene 
glycol, as indicated for testosterone in Fig. 1 (cf. Burton et al. (2)). 

The twenty-seven steroids studied showed a wide variation in their rates 
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of movement. A few of the steroids, however, showed closely related R, 
values. In general the sequence of movement was dihydroxy-, hydroxy- 
keto-, mono-substituted, and diketosteroids. The addition of a third group 
to the molecule retarded the movement; e.g., A‘-androstene-3,17-dione- 
Ga-ol. Removal of a group enhanced the movement; e.g., androstane- 
17B-diol. Stereoisomers were effectively separated; e.g., testosterone and 
epitestosterone. 


SUMMARY 


A procedure for the separation of Cig steroids by paper chromatography 
with the system propylene glycol-cyclohexane-benzene (1:1) has been 
developed. The ketosteroids were detected by means of a fluorescence 
scanner, reaction with alkaline m-dinitrobenzene, and subsequent treat- 
ment with acid 2,4-dinitrophenylhydrazine. The non-ketonic steroids were 
detected by their reaction with phosphomolybdie acid. 
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THE INHIBITION OF HORSE LIVER ESTERASE 
BY SUBSTITUTED AMIDES* 


By GEORGE W. SCHWERT anp ANDREW J. GLAID 


(From the Department of Biochemistry, Duke University School of Medicine, Durham, 
North Carolina) 


(Received for publication, July 10, 1952) 


Previous investigations in this laboratory have established the fact 
that the pancreatic proteases are able to hydrolyze ester analogues of 
specific peptide and amide substrates and that, in general, esters are 
hydrolyzed more rapidly by these enzymes than are the corresponding 
peptides and amides (1-4). The reciprocal problem, 2.e. whether a typi- 
cal esterase can hydrolyze amide analogues of its normal ester substrates, 
initiated the present investigation. 

It has been found that horse liver esterase is unable to hydrolyze N- 
methyl and N-ethyl butyramide but that these compounds are competi- 
tive inhibitors for the enzyme. The kinetics and thermodynamics of 
the enzyme-substrate and enzyme-inhibitor interactions have been in- 
vestigated. 

EXPERIMENTAL 


Materials—Horse liver esterase was prepared by the method of Con- 
nors, Pihl, Dounce, and Stotz (5). The colorless solution obtained from 
Stage VI of this method was reduced to dryness by lyophilization with 
no loss of enzymatic activity. The nitrogen content of the dry material 
was 13.9 per cent (uncorrected for residual moisture). 

Eastman ethyl butyrate was redistilled before use. Methyl butyrate 
was prepared from butyryl chloride and methanol; b.p. 101-—103° at at- 
mospheric pressure. 

N-Methyl and N-ethyl butyramide were prepared from butyryl chlo- 
ride and the corresponding amine essentially according to the method of 
D’Alelio and Reid (6). The principal modification in this procedure was 
that, in order to minimize hydrolysis, the product was salted-out of solu- 
tion with ammonium sulfate rather than with potassium hydroxide. Both 
amides are colorless, odorless liquids having a high solubility in water. 


N-Methyl butyramide. Calculated, N 13.9; found, N 13.8; b.p. 104-106°, 3 mm. 


Methods—The amidase activity of the enzyme was tested by a modifi- 


* This investigation was supported in part by a research grant from the National 
Institutes of Health, United States Public Health Service. 
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cation of the Conway microdiffusion technique previously described (1), 
Preliminary experiments indicated that methylamine and ethylamine could 
be determined quantitatively with no modification in the technique pre- 
viously used for ammonia. 

The esterase activity of the enzyme was determined, as previously 
described (1), by direct titration with base (approximately 0.012 n NaOH) 
of the acid groups released in the hydrolysis of the esters. A Beckman 
model G pH meter was used as a null indicator and the null pH was 8.00 
for all determinations. In no case did the addition of small increments 
of base cause the pH to rise above 8.30. 

Since considerable loss of substrate occurred through evaporation from 
open vessels in times as short as 10 minutes, the determinations of esterase 
activity were made in a closed system. For this purpose a 100 ml. round 
bottomed flask, fitted with a mercury-sealed stirrer, was provided with 
three additional tubulations and through these were inserted, through 
rubber collars, a glass electrode, a calomel electrode, and a burette tip. 
The reaction flask was immersed in a water bath regulated at +0.05° of 
the desired temperature. 

Control determinations were made in the absence of enzyme at each 
temperature to determine whether there was any spontaneous hydrolysis 
of the substrates. Since the observed control rates were small and inde- 
pendent of substrate concentration, it was presumed that the consump- 
tion of base in the absence of enzyme was due to the effects of carbon di- 
oxide in the system. The control rates were subtracted from the rates 
observed in enzymatic determinations. 

Stock solutions of the esters were prepared daily (0.025 m in water) 
and were exposed to the atmosphere for the briefest possible periods of 
time. Enzyme solutions containing 4 mg. of the lyophilized material 
dissolved in 40 ml. of 0.013 m phosphate, pH 8.0, were also prepared daily. 
The determinations of enzymatic activity were carried out in solutions of 
50 ml. volume containing 1 to 4 ml. of enzyme solution. The relation 
between esterase activity and nitrogen content of the esterase solution, 
as determined by a semimicro-Kjeldah] method, was established under 
standardized conditions at each temperature and thereafter the nitrogen 
content of the enzyme solution was estimated from the enzymatic activity 
of the solution. 


Results 


In a system containing 0.1 m N-methyl or N-ethyl butyramide dis- 
solved in 0.1 M phosphate buffer, pH 8.0, and containing 1.6 mg. of dry 
enzyme preparation per ml., there is no detectable liberation of methyl- 
or ethylamine in times up to 40 minutes at 40°. Since this enzyme con- 
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centration is about 1000 times that used in the esterase determinations, 
it may be concluded that the amides are entirely resistant to hydrolysis. 
This finding led to the suggestion that the amides might function as 
inhibitors for the enzyme. ‘The test of this hypothesis is shown by the 
Lineweaver-Burk plot (7) of Fig. 1. K,, the enzyme-inhibitor dissocia- 


350 


Fig. 1. Lineweaver-Burk plot showing the variation of reciprocal initial reaction 
velocity, expressed in reciprocal moles per liter per minute, with reciprocal initial 
substrate concentration, expressed in reciprocal moles per liter, for ethyl butyrate 
at 10° (O), 25° (A), and 35° (0). © represents data obtained in the presence of 
0.01 m N-ethyl butyramide; @, 0.02 m N-ethyl butyramide; A, data obtained in the 
presence of 0.02 m N-ethyl butyramide; A, 0.04 m N-ethyl butyramide. Data ob- 
tained at 35° in the presence of inhibitor were omitted to avoid crowding of the figure. 
All values are reduced to a common enzyme concentration of 1.41 X 10~‘ mg. of 
N per ml. 


tion constant, was evaluated at three temperatures for each amide with 
ethyl butyrate as the substrate. For comparison, the variation of the 
value of K,, for methyl butyrate with temperature was also determined. 
A plot of the latter determination is shown in Fig. 2. The values found 
are summarized in Table I. 


! Neither sodium butyrate nor ethanol was found to have any inhibitory activity 
toward liver esterase in the concentration in which these compounds would be 
formed as products of the hydrolytic reaction. 
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0 200 400 600 800 1000 1200 


Fig. 2. Lineweaver-Burk plot of data obtained with methyl butyrate at 10° 
(QO), 25° (A), and 35° (0). The dimensions of the axes and enzyme concentration 
are those used in Fig. 1. 


TABLE 


Values of Ky, for Methyl and Ethyl Butyrate and of Ky for N-Methyl and N-Ethyl 
Butyramide at Three Temperatures 
Value of Am or Ay 
Substrate or inhibitor 
10° 25° 35° 


M MW M 
4.34 K 3.14XK 10% £2.51 K 
N-Methyl butvramide.. 1.82 K 10°? 1.31 10°? 1.01 10? 

2.44.* 107 1.08 X 10°? 7 


N-Ethyl butyramide.............. axe 


If the values presented in Table I are consistent, identical values for the 
rate of activation of the enzyme-substrate complex should be obtained 
from measurements made in the presence and in the absence of inhibitor.’ 
In the absence of inhibitor the reaction course is given by 


? Schgnhevder (15) has recently questioned the applicability of the integrated 
Michaelis-Menten equation to the hydrolysis of racemic 1-caprylylglvecerol by rabbit 
liver esterase and has obtained excellent agreement between his results and the ki- 
netic equations corresponding to the following mechanism: esterase + OH” + 
caprylyvlglvcerol = esterase-glycerol complex + caprylate ion; esterase-glycerol 
complex— esterase + glycerol. Agreement of essentially the same order is found, 
however, if the data are treated according to the form of the Michaelis-Menten 
equation which is appropriate for the presence of inhibitory reaction products 
(Equation 37, Neurath and Schwert (4)) when A,, = 4.88 K 10°! mM and A, = 8.25 X 
10-4 
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kyet = K» In (So/S) + (So — S) (1) 
and in the presence of a competitive inhibitor by 
k3et = (Km + Kd /Ky) In (So/S) + (Sy — §) (2) 


where ys is the specific rate of activation of the enzyme-substrate complex 
(or the rate of the slowest step between the formation of the enzyme- 
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Fic. 3. Rate of hydrolysis of ethyl butyrate by horse liver esterase at 10° (QO). 
25° (A), and 35° (O), calculated according to Equation 1, and rate of hydrolysis 
of ethyl butyrate in the presence of 0.01 m N-ethyl butyramide at 25° (A) and 35° 
(@), calculated according to Equation 2. f(S) denotes the right-hand side of Equa- 
tion 1 and f’(S) the right-hand side of Equation 2. In each case the initial sub- 
strate concentration was 1.5 X 10° m. Enzyme concentrations are reduced to a 
common value of 1.41 K 10-4 mg. of N per ml. 


substrate complex and the appearance of reaction products), e is the total 
enzyme concentration, K, is the Michaelis constant, A; the enzyme- 
inhibitor dissociation constant, 7 the concentration of inhibitor, So the 
initial substrate concentration, and S the substrate concentration at time 
t. For a given enzyme concentration, a plot of the right-hand side of the 
appropriate one of these expressions against time should yield a straight 
line of slope kye. 

Since, as shown in Fig. 3, the values found for 4; in the presence and in 
the absence of inhibitor differ by less than 3 per cent, the coherence of the 
results may be considered satisfactory. Agreement of the same order was 
found between the values of kh; estimated from Equation | or 2 and those 
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determined from Lineweaver-Burk plots with the expression Vinx. = kg. 


The mean values found for /'3 are summarized in Table IT. 


DISCUSSION 


The remarkable observation that proteases (8) as well as esterases (9) 
react in a highly specific manner and in a 1:1 molar ratio with diisopro- 
py! fluophosphate leads to the inference that the active centers of these 
types of enzymes must be similar in nature and that the differences be- 


TABLE II 
Values Found for k;, Specific Rate of Activation of Enzyme-Substrate Complex 
The results are in moles per liter per minute per mg. of N per ml. 


Temperature Methyl! butyrate | Ethyl butyrate 
10 0). 254 0.0980 
25 0.415 0.215 
35 0.593 0.279 
TaBLeE III 


Thermodynamic Properties of Association and Activation Processes at 25° 
AF and AH in kilocalories per mole; AS, kilocalories per mole-degree. 


Association process | Activation process 

Methyl] butyrate... —3.43.8 0.124 + 0.613.915.55.3 + 0.3 —28 to 
Ethyl] butyrate........ —4.39.2+40.545 + + 1 0 —21 to —34 
N-Methyl butyramide.| —2.64.1240.322 + 1.5 | 
N-Ethyl butyramide..| —2.7 8.2+ 0.336 + 1.0 | 


tween them must lie in the character of the groupings by means of which 
substrates are held on the enzyme surface. The following additional 
arguments can be raised in support of this view. (a) Both horse liver 
esterase and the pancreatic proteases have a greater affinity for esters 
than for the corresponding amides. (b) In the case of the pancreatic 
proteases the specific rate of activation is higher for esters than for the 
corresponding amides, while liver esterase is apparently unable to cause 
activation of amides corresponding in structure to ester substrates. 
Since K, is a true equilibrium constant, the values of K, given in Table 
I may be used to determine the thermodynamic properties of the inter- 
action between enzyme and inhibitor. The meaning of A», however, is 
not self-evident (4, 10) and the use of the values of K,, at different tempera- 
tures to estimate AH for the enzyme-substrate interaction is not valid 
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unless it can be shown that K,, approximates a true equilibrium constant. 
Since, in the present case, K,, decreases with increasing temperature while 
k; increases with increasing temperature, it appears that the contribution 
of kj to Km is small and that K,, may behave as an equilibrium constant. 
If this usage is accepted, the values shown in Table III may be calculated. 

It appears from Table III that the heats and entropies of association 
of methyl butyrate and of N-methyl butyramide are approximately equal 
and about half as large as those found for the ethyl analogues. The 
consistency of these results would appear to provide further justification 
for treating AK, as an equilibrium constant. 

The positive values found for AH and AS for the association process 
are unusual, since it would be anticipated, and has been frequently found 
(3, 10-12), that the disappearance of a molecular species from solution is 
accompanied by negative heat and entropy effects. Klotz and Urquhart 
(13) have accounted for positive entropy effects in the interactions between 
proteins and ions on the basis that the binding of an ion by a protein is 
accompanied by a release of water of hydration from the charged groups. 
It is possible that release of water from the protein surface is also a factor 
in the present case, since the association of the relatively less polar ethyl 
compounds with the enzyme is accompanied by a greater increase of entropy 
than is the association of the more polar methyl ester and amide. It 
also seems possible, however, that the formation of the enzyme-substrate 
complex may involve a form of “activated adsorption” in which the 
complex is neither a simple complex nor the activated complex, but some 
intermediate form. In this case, it would be anticipated that the energy 
requirements for the remaining activation would be reduced (see below). 
In either case, it is clear that the entropy increase is of great importance 
in permitting the association reaction to occur. 

In view of the unusual properties of the association step, it is of interest 
to approximate the thermodynamic values for the activation process. 
Considerable uncertainty attends these calculations, since the molecular 
weight and purity of the enzyme preparation are not completely estab- 
lished. Boursnell and Webb (14) have estimated the molecular weight 
of horse liver esterase to be 96,000 from its interaction with diisopropyl 
fluophosphate, and Connors et al. (5) have reported 70 per cent of their 
best preparation of esterase to migrate as a single electrophoretic compo- 
nent. The values of k;°, the absolute rate constant, were obtained by 
assuming the molecular weight of the enzyme to be 100,000, the nitrogen 
content of the enzyme to be 16 per cent, and all the nitrogen in our prepa- 
ration to be enzyme nitrogen. The resulting values of k;° were first multi- 
plied and then divided by a factor of 4 to obtain the range of values shown 
in Table IIT for AF*. 


4, 
> 
‘ 


§20 INHIBITION OF LIVER ESTERASE 


Despite the use of this gross approximation, it is clear that the resulting 
values of AF* and of AS* are within the range found for other enzymes 
(4,11, 12). In contrast, AH*, which is subject to smaller errors of estima- 
tion, is about half as large as the values which have usually been found. 
This circumstance would appear to lend weight to the view that the for- 
mation of the enzyme-substrate complex involves the formation of a 
‘“‘semiactivated”’ complex. 

The discrepancy between the absolute value of A,, found in the present 
study for methyl butyrate and that reported by Connors et al. (5) has no 
obvious explanation. It seems possible, however, that this difference is 
a reflection of the different ionic environments used in the two sets of 
measurements. 


SUMMARY 


1. N-ethyl and N-methyl butyramide are completely resistant to hy- 
drolysis by horse liver esterase. 

2. Both of these substances function as competitive inhibitors for liver 
esterase. 

3. The influence of temperature on K,, and k; for methyl and ethyl 
butyrate and on K, for N-methyl and N-ethyl butyramide has been de- 
termined, and the thermodynamic constants for the reactions have been 
estimated. The mechanism of the hydrolytic and inhibitory processes 
has been interpreted in terms of the thermodynamic data. 
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THE FLUORESCENCE REACTIONS OF STEROIDS 
I. ESTROGENS* 


By JOSEPH W. GOLDZIEFHER, JOHN M. BODENCHUK, ann PHILIP NOLAN 


(From the Research Department, St. Clare’s Hospital, and the Farrand Optical Company, 
New York, New York) 


(Received for publication, May 9, 1952) 


In the course of a general investigation of reactions which produce 
fluorescence with steroids, special attention was devoted to the estrogens, 
with emphasis on those features which would improve the sensitivity, 
quantitative reliability, and applicability of this phenomenon to micro- 
determinations. The present communication deals exclusively with the 
excitation, characteristics, and measurement of estrogen fluorescence; quan- 
titative studies, problems of isolation from biological fluids, and the deter- 
mination and identification of urinary estrogens will be reported at a later 
date. 

The reactions of steroids with dehydrating agents such as sulfuric, phos- 
phoric, and formic acids are known to result in the formation of various 
colored and fluorescent substances. Steroids with an aromatic ring A, such 
as estrone, estradiol, and estriol, fluoresce far more intensely than do most 
other biologically important steroids.!. This property is the basis of several 
methods for the measurement of microquantities of estrogen in urine. The 
investigations of Bates and Cohen (1), with sulfuric acid as the developing 
agent, included both chemical and instrumentation studies. Interference 
filters were used to obtain spectral fluorescence curves. Jailer (2) also 
used sulfuric acid as the developing agent; however, the more dilute acid re- 
sulted in lesser fluorescence outputs than those obtained by Bates and 
Cohen. Slaunwhite et al. (3) examined the estrogen-sulfuric acid spectra 
by microdensitometry and found the fluorescence maxima of estrone, es- 
tradiol, and estriol to lie between 480 and 487 mz. Their method unfor- 
tunately does not permit quantitative comparison of the relative intensities 
of the various spectra. Umberger and Curtis (4) have investigated the 
absorption spectra of these estrogens as developed with sulfuric acid of 
varying concentrations. Finkelstein, Hestrin, and Koch (5) presented a 
quantitative method for the measurement of crystalline estrogens with 
phosphoric acid. 

* This investigation was aided by a grant from the Division of Research Grants 
and Fellowships of the National Institutes of Health, United States Public Health 


Service. 
1 Unpublished observations. 
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Materials and Methods 


Pure crystalline estrone, estradiol-17a, estradiol-178, and estriol were 
used in this study. Standard solutions of these steroids were prepared in 
redistilled absolute ethanol and 1.0 ml. portions containing 50 y were 
pipetted into 1 X 9 inch test-tubes; the ethanol was evaporated and the 
tubes stored until used. The acids employed were du Pont reagent grade 
sulfuric acid, Merck reagent grade phosphoric acid (85 to 88 per cent), and 
Eastman formic acid (99 per cent). The same lot of acid was used through- 
out these studies. Dilutions of sulfuric acid were prepared on a volume for 
volume basis; e.g., 90 ml. of concentrated sulfuric acid were added to 10 
ml. of water to make “90 per cent” sulfuric acid. 

The steroid was dissolved in 0.2 ml. of redistilled absolute ethanol and 
incubated for 10 minutes at 80° with 5.0 ml. of phosphoric or formic acid. 
When sulfuric acid was employed, 1.0 ml. of 90 per cent acid was used 
during heating and the mixture was then diluted with 4.0 or 9.0 ml. of 
65 per cent acid to obtain a final concentration of 10 y and 5 y per ml., 
respectively. 

An SH type Hanovia? mercury are lamp was used as the light source. 
The exciting radiation was isolated by a Farrand? ultraviolet monochroma- 
tor of 300 mm. focal length, 3 inch aperture, f.4, and was projected into a 
square fused quartz cuvette of 1 cm. light path. To minimize absorption 
of fluorescence in the sample, the incident beam of light was focused in a 
vertical plane about 3 mm. lateral to the surface of the cuvette which was 
to be inspected by the analyzing monochromator. The latter was an f.7 
grating type instrument with an equivalent slit width of 10 my. The 
selected emerging wave-length was focused on a speeially chosen 1P21 
photomultiplier tube in a Farrand electron multiplier photometer. The 
galvanometer used had a sensitivity of 0.002 wa. per scale division. 

The transmission of a 1.0 cm. thickness of the particular estrogen solution 
was measured at the principal lines of the mercury arc; that is, at 365, 
405, 436, and 546 my as well as at the points of minimum transmission 
(maximum absorption). 

The spectral fluorescence curves of the solutions described above were 
then determined, with each of the mercury lines mentioned as the exciting 
radiation. The data submitted in this paper are not corrected for self- 
absorption of the material, selective absorption of the instruments, the 
response of the phototube, or differences in the intensity of the mercury 
lines. Some measure of compensation can be achieved by use of the 


2 Hanovia Chemical and Manufacturing Company, Newark, New Jersey. 
3 Farrand Optical Company, Inc., Bronx Boulevard and East 238th Street, 
New York 70, New York. 
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TABLE I 
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Fluorescence and Transmission Characteristics of Estrogens Heated with Various Acids 


Estrogen 


10 y per ml. 


10 se 


Estradiol-178 
5 y per ml. 


10 y per ml. 


10 


Estradiol-17a 


10 y per ml. 


Fluorescence 
Exciting 
Development | — | 
en 
wave-length Output | 
H.SO, | 365 | 483 | 70 
405 | 483) 18 
436 480 SOO 
365 480 104 
405 480 166 
436 483 1340 
H,PO, 365 500 10.3 
436 500 106 
HLSO, | 365 | 470 36.8 
405 450 152 
436 454 645 
365 473 67 
405 453 237 
436 470 924 
H;PO, 365 499 16.2 
436 499 151 
H.SO, 365 493 47.5 
4050 491 42 
490 270 
| | 
| 
HPO, 365 49376 
405 492 103 
436 493 630 
HCOOH 365 547 15.1 
436 545 30.2 
546 Over 
100 


— 


Transmission (T) and fluorescence 
characteristics 


T's05 = 66.4%; shape of curve 
warped by self-absorption 

T's36 = 22.4%; T minimum 
at 455 mp = 9.75% 

Tss65 = 61%; curve warped; 
peak shifted 

T 405 = 49%; warped 

T s36 = 7.8%; T minimeam at 
455 mp = 1.7%; 546 mp = 
86.2% 


T3635 = 74.5%; curve very 
flat; peak warped due to 
high absorption 


Ta36 = 51.5%; T minimum 
at 455 mp = 29.1%; T'sa6 = 
80% 

T 365 = 61 6% 

T s05 30.3% 

7 minimum = 8.9% 


T 365 = 17.1% 

T 405 = 55% 

Ta36 = 48.6%; T minimum 
at 460 my = 35.7%; T s46 = 
78.4% 


T'sso = 11.2% 


T sa6 = 63%; T minimum at 
520 mp = 30%; fluores- 
cence peak too close to 
exciting wave-length to 
measure 


| Egtrone 
5 y per ml. 
| 
ty 

| 
10 sé 
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TaBLE I—Concluded 


| Fluorescence 
| wave-length tput 
| my my units 
Estriol | 
5 y per mil. H.SO, 365 481 22.3 T 365 = 71%; peak warped 
and shifted 
405 | 480 37 T 40s = 69.5%; warping and 
shifting 
| 436 480 355 T a35 = 40.6%; T minimum 
at 460 mp = 25.9%; Tx 
| = 78.5% 
10 y perml. | 365 483 40.5 | T365 = 62%; warped and 
| shifted 
| 405 481 69.5 | T4405 = 54.5% 
| 436 482 572 = 19.5%; 7 minimum 
| | at 455 mu = 6.6%; T's = 
| | 73.5% 
| H;PO, | 365 530 4.8 | Very flat curve 
| 546 | Very weak | 


| 


Ixciting radiations producing little fluorescence have been omitted from the 
table, as have the reactions of estrone, estradiol-178, and estriol with formic acid: 
these fluoresced very much less than did estradiol-17a. The subscript to 7’ indi- 
cates the wave-length at which transmission was measured. Fluorescence output 
in arbitrary units. 


spectral fluorescence curve of a quinine sulfate standard, 10 y per ml., 
excited by 365 muy radiation, as will be discussed subsequently. 


Results 


The characteristics of the fluorescence obtained with various dehydrating 
agents at different exciting wave-lengths are summarized in Table I. 

Effect of Various Dehydrating Agents—The data in Table I indicate that 
sulfuric acid, under the conditions described by Bates and Cohen and con- 
firmed by us, is by far the most potent of the three agents tested for the 
production of fluorescence. The total fluorescence energy is approximately 
10 times as great with sulfuric acid as with phosphoric acid, except in the 
case of estradiol-l7a@. Formic acid in most instances yields fluorescence 
too weak to be of appreciable value. The behavior of estradiol-17a 1s 
anomalous in that the reaction with phosphorie acid yields more than twice 
as intense a fluorescence as does sulfuric acid. This is illustrated in Fig. 
1. Ina problem involving binary mixtures of estradiol-17a@ and estradiol- 
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INTENSITY IN ARBITRARY UNITS 


440 480 520 560 600 440 480 520 560 600 
WAVELENGTH IN MILLIMICRONS 

Fic. 1. Left-hand section, the fluorescence spectrum of 10 + of estradiol-178 with 

excitation at 436 mu. Solid line, when developed with 1 ml. of 90 per cent sulfuric 

acid, diluted with 4 ml. of 65 per cent acid; dotted line, when developed with 5 ml. 

of phosphoric acid. Right-hand section, the fluorescence spectrum of 10 y of estra- 

diol-17a, with excitation at 436 mu. Solid and dotted lines as before; broken line, 


when developed with 5 ml. of formic acid. 


800 


INTENSITY IN ARBITRARY UNITS 
Bs 


WAVELENGTH IN MILLIMICRONS 


Fig. 2. Variation of fluorescence with wave-length of exciting radiation. I[s- 
trone, 5 y per ml. developed in sulfuric acid, excited with 436 my (top curve), 405 
my (middle curve), and 365 my (lowest curve) mercury lines. Dotted curve, quinine 
standard excited with radiation at 365 muy. 


178 this phenomenon could be used to determine the quantity of each 
lsomer in an unknown mixture. Measurement of the fluorescence of the 
unknown mixture developed with sulfuric and phosphoric acids would yield 


| 
ce | \ 
| \ 
ed ‘ 
nd 
nd 
im 

— | 
he 
d: 
li- 
ut 
| 
ig | 
at 

O = 

it 400 450 500 550 600 
1€ 
ly 
1€ 
is | 
+ 
|- ‘ 
XUM 


626 STEROIDS. I 


two equations in two unknowns, and could be solved for the proportion 
and quantity of each isomer. 

Effect of Exciting Radiation Wave-Length—Table I reveals that the spec- 
tral line at 436 my, both by inspection of the transmission curves and by 
actual measurement, is most potent for the excitation of fluorescence. 
Fig. 2, with estrone as an example, illustrates the dependence of the flu- 
orescence output on the wave-length of the exciting radiation. 

Spectral Curves of Different Estrogens—The absorption spectra of the 
different estrogens in sulfuric acid indicate maximum absorption for estrone 


400 


INTENSITY IN ARBITRARY UNITS 


WAVELENGTH IN MILLIMICRONS 


Fic. 3. Fluorescence spectrum of estrogens developed in 90 per cent sulfuric 
acid, with excitation at 436 my. X, curve of 5 y per ml. of estradiol-178; X, 10 y per 
ml. of the same; @, estrone, 5 y per ml.; O, estriol 5 y per ml. Dotted curve, quinine 
reference standard. 


and estriol at 455 mu, of estradiol-178 at 436 mu, and of estradiol-17a at 
460 mz. An exciting radiation at 455 to 460 my wave-length would thus 
produce maximum fluorescence with three of the steroids. In the present 
application, however, we are limited by our choice of a mercury are source, 
and the 436 mu line was therefore used as the most suitable for the purpose. 
The spectral fluorescence curves of the estrogens under these conditions 
are shown in Fig. 3. 

The absorption maximum of estradiol-17a@ in formic acid was found to be 
at 520 mu. The 546 mu line of mercury was therefore used to excite this 
solution. The close proximity of the peak fluorescence wave-length and 
the exciting wave-length made it very difficult to obtain a reasonable spec- 
tral curve. 
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DISCUSSION 


Calculation of Relative Fluorescence Intensities—Certain difficulties arise 
when the relative intensities of fluorescence of several substances are to be 
determined. For example, some workers have compared the fluorescence 
intensity of one substance relative to another by specifying certain filters 
or filter combinations. However, a given filter combination may actually 
measure a different percentage of the total fluorescence of two substances 
if they do not have similar fluorescence spectra. Further problems in the 
measurement of total fluorescence are introduced by the spectral response 
of the detecting device. The total fluorescence without regard to the 
detector can be calculated by measuring the area under the spectral curve 
after integrating it with the S-4 response of the 1P21 phototube. This is a 


TABLE II 
Relative Intensities of Estrogen (6 y per M1.) in Sulfuric Acid, Excited with Radiation 
at 436 mu 
Observed Observed | Relative | Corrected Corrected 
Estrogen peak peak | phototube peak relative 
wave-length output | response == output intensity 
480 | 800 #73 | 1096 100 
Estradiol-178............... | 455 | 645 96 672 ! 61.3 
Estradiol-l7a@.............. | 490 135 60 225 | 20 . 6 
Estradiol-I7a in HsPO.....| 4903150 525 48.0 


tedious procedure, and the equivalent result can be obtained by an abridged 
method based on measurement of the intensities of narrow bands of the 
fluorescence spectra at or near the peak value, and subsequent correction 
for detector spectral response. This method for arriving at corrected rela- 
tive fluorescence intensities, as applied to estrogens, is illustrated in Table 
II. Maximum fluorescence of estrone (800 units) is found in the 480 mu 
region of the spectrum. The relative phototube response at this wave- 
length is 73 per cent; consequently the corrected output is 800/0.73 or 
1096 units. The corrected peak output for estriol is found to be 486 units 
by a similar calculation; the relative fluorescence intensity of estriol with 
respect to estrone is therefore 486/1096 or 44.4 per cent. Such a calculation 
becomes important in the comparison of estrone to estradiol-178, for ex- 
ample, for which the apparent ratio (645:800) is 80.6 per cent, but the 
corrected value is 672:1096 or 61.3 per cent. 

Application of Spectral Curves—The shape of the spectral fluorescence 
curves is a great aid in the selection of broad or narrow band filters. This 
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information will permit selection of a narrow band filter covering a rela- 
tively small region of the spectral curve where linearity may be expected. 
Furthermore, the use of narrow bands at peak fluorescence may materially 
increase the ratio of estrogen fluorescence to that of the reagent blank. 
By reducing the blank fluorescence it is possible to detect progressively 
lower concentrations of estrogen. This is particularly important in dealing 
with biological extracts, which have high non-specific fluorescence. Nar- 
row band measurements of low concentrations of fluorescent material us- 
ually require the use of a photomultiplier type fluorometer. 

Standard Solutions for Quantitative Comparisons—The amount of fluores- 
cence produced by reactions of the type we have studied is subject to many 
variables. These include the brand and lot of acid used, its concentration, 
the presence of solvents such as alcohol or toluene, and possibly other less 
well known factors. Consequently the use of a readily available, stable, 
and highly reproducible standard is required if the findings of different 
investigators are to be compared. Quinine sulfate, illustrated in Figs. 2 
and 3, appears to fulfil these requirements. Its value in compensating for 
differences in instrumentation has already been mentioned. 

Self-Absorption—The effect of self-absorption can be minimized by the 
use of sufficiently dilute solutions. Errors such as the shift of the peak 
wave-length, non-linearity of fluorescence-output versus concentration, and 
general warping of the curve may otherwise result. ‘This is illustrated in 
Table I, where, for example, 5 y per ml. of estradiol-178 reached a peak at 
454 my, whereas at 10 y per ml. the peak shifted to 470 my. As another 
example, the output of 5 y per ml. of estrone was 800 units and that of 10 
y per ml. was 1340 units instead of the expected 1600 units. 

Estrogen Mixtures—Bates and Cohen’s, Jailer’s, and our own studies 
have shown that the intensity of fluorescence is proportional within certain 
limits imposed by self-absorption, etc., to the concentration of estrogen 
present. Furthermore, Slaunwhite et al. have stated that fluorescence of 
pure estrogens was additive when measured at 488 or 525 my. It is possible 
that the differences of the fluorescence spectra of the estrogens could be 
used to measure the relative amounts, for example, of estrone and estradiol- 
178 in amixture. Theoretically, measurements at two wave-lengths would 
yield data which might be handled by simultaneous equations or by some 
graphic device. A number of problems such as differential self-absorption 
and quenching due to interaction of the fluorescent products of the different 
estrogens may arise, and a detailed study of the characteristics of two- 
component mixtures is now in progress. 

Because of these differences in the spectra of the estrogens, a single 
measurement of the fluorescence of a mixture of estrogens is meaningless, 
for it can represent varying proportions of different amounts of estrogens 
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and gives no idea of the total quantity present on a weight basis. This is 
partly the reason in techniques such as that of Engel eé al. (6) for the use of 
counter-current separation of the estrogens before fluorometric measure- 
ment. 


SUMMARY 


The production of fluorescence by the action of sulfuric, phosphoric, and 
formic acids on estrone, estradiol-17a, estradiol-178, and estriol has been 
studied. It was found that the concentration and chemical structure of 
the estrogen, the acid used, and the wave-length of the exciting radiation 
influence the resulting fluorescence spectrum. Sulfuric acid was generally 
the most potent fluorogen except in the case of estradiol-17a, with which 
phosphoric acid was superior. Excitation by 436 my radiation produced 
maximum fluorescence. 

The spectral curves obtained permit a rational choice of reagents and 
filters or filter combinations for the quantitative measurement of estrogen 
fluorescence. 
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STRUCTURE OF GLYCOGENS AND AMYLOPECTINS 
I. ENZYMATIC DETERMINATION OF CHAIN LENGTH* 


By BARBARA ILLINGWORTH, JOSEPH LARNER, f{ anp GERTY T. CORI 


(From the Department of Biological Chemistry, Washington University School 
of Medicine, St. Louis, Missouri) 


(Received for publication, June 6, 1952) 


Glycogen and amylopectin from a variety of natural sources have been 
subjected to a structural analysis by means of enzymatic end-group deter- 
mination and determination of the average number of glucose residues of 
imer and outer chains. The linear portions of these branched polysac- 
charides are made up of 1,4-linked glucose residues. Inner chains are 
linear portions situated between two branch points (glucose units in 1,6 
linkage), while outer chains have a branch point at one, and the non-reduc- 
ing end-group at the other end. Enzymatic degradation by phosphorylase 
begins at the non-reducing end; in the presence of inorganic phosphate 
glucose units in 1,4 linkage are removed one at a time as glucose-l-phos- 
phate until the enzyme approaches the 1 ,6 linkage at branch points, when 
its action is stopped. Phosphorylase can neither break nor by-pass this 
linkage. A second enzyme, amylo-1 ,6-glucosidase (1), splits off the glu- 
cose residues in 1 ,6 linkage by hydrolytic action, permitting phosphorylase 
to continue its sation, until by a repetition of the process the entire molecule 
is digested. The detailed structural requirements for the activity of these 
two enzymes (phosphorylase and amylo-1 ,6-glycosidase) have been pre- 
viously investigated and reported (1) (see also Paper II, this series). 

The degree of branching (number of a-1,6 linkages in relation to num- 
ber of a-1,4 linkages) can now be determined by three independent meth- 
ods; a methylation technique, periodate oxidation, and an enzymatic 
method. In the two chemical methods, the non-reducing terminal glucose 
units of the outer branches yield 2,3 ,4,6-tetramethylglucose in the meth- 
ylation procedure and formic acid in the periodate oxidation method. 
Hence, the per cent of such end-groups can be determined, and it can be 
shown that, independent of what structure is assumed, the number of 
end-groups is related to the number of branch points as n is to n—1. 
In the enzymatic method, it is not the terminal non-reducing glucose 
residues but the glucose residues in a-1,6 linkage which are uniquely 


* This work has been supported in part by a research grant from the Corn Indus- 
tries Research Foundation. 

t This research was carried out during the tenure of a —_ Insurance Medical Re- 
search Fellowship. 
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determined; they are split off as free glucose by amylo-1 ,6-glucosidase, 
while all other glucose units are split off as glucose-1-phosphate through 
the action of phosphorylase. 

The values obtained by the three methods of end-group determination 
will be shown to be in general agreement. The average number of glucose 
residues of outer and inner branches has been found to be a character. 
istic property that distinguishes various polysaccharides of the glycogen. 
amylopectin class. 


EXPERIMENTAL 


The enzymatic end-group determination was carried out as described 
previously (1). Considerable experience with this method has shown that 
it gives reproducible results and that the accuracy compares favorably with 
that obtainable by the chemical methods. Only 10 to 15 mg. of polysac- 
charide are needed for a determination. 

The length of the outer branches of the polysaccharides was determined 
by exhaustive digestion with rabbit muscle phosphorylase (recrystallized 
eight to nine times) in the presence of an excess of inorganic phosphate and 
measurement of the amount of glucose-l1-phosphate formed. As a rule, 
enough phosphorylase (about 0.4 mg.) was added to 3 to 4 mg. of polysac- 
charide to reach the end-point in 1 to 2 hours. The mixture was then 
incubated for another hour to ascertain that no further reaction had taken 
place. After deproteinization with 2.5 per cent HgCle in 0.5 n HCl, the 
mercury- and polysaccharide-free acid filtrates were heated for 5 minutes 
at 100° in order to hydrolyze glucose-1-phosphate.!. After neutralization, 
the reducing power was determined by the method of Nelson (2). A blank 
determination was carried out on the digestion mixture before incubation. 

For the determination of the outer chain length, as well as for the step- 
wise degradation of polysaccharides, it is essential that the phosphorylase 
be entirely free of glucosidase. Each batch of phosphorylase was tested 
as follows: From 3 to 4 mg. of the phosphorylase limit dextrin of glycogen 
were incubated with inorganic phosphate and about 1 mg. of phosphorylase 
for 4 hours at 30°; when glucosidase is absent, no glucose-1-phosphate is 
formed. The test is a sensitive one, since removal by glucosidase of only 
a few glucose residues in 1,6 linkage opens the way for considerable phos- 
phorylase activity. 

Tsolation of Glycogen. “The method of isolation and purification of glyco- 
ven merits some discussion. It has been repeatedly shown that glycogen 
is resistant to digestion with strong alkali. On ultracentrifugation no 
significant difference could be detected in the distribution of particle 


1 As mentioned previously (1), Hg is removed by H.S and the polysaccharides 
by adsorption on the HgS precipitate. The filtrates contained about 0.3 n HCl. 
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weights between samples of glycogen obtained with or without treatment 
with hot strong alkali (3, 4). When the glycogen content of the liver is 
high, it is possible to isolate by digestion with alkali and precipitations with 
ethanol, as described below, highly purified glycogen in a yield of up to 
95 per cent of the analytically determined content of the alkali digest. 
Such glycogen samples will therefore be representative of the distribution 
of molecular sizes originally present. ‘This is of importance in ultracen- 
trifugation studies, which will be reported in a separate paper. 

It is not possible to give a description of a method of isolation of glycogen 
which is generally applicable, because a number of variables, such as fat 
content, type of tissue, and glycogen content, require slight modifications 
of the procedure in order to obtain a highly purified product. 

The method of isolation used in this laboratory for many years follows 
the outline given by Somogyi (5).. The tissue is digested in a covered 
flask in 30 per cent NaOH (1.5 to 2 volumes per weight of tissue) for 3 
hours in a boiling water bath. On cooling, a solid layer or cake of soap 
forms on the surface (in the case of most livers) from which the gelatinous 
fluid below can be separated before it too congeals. If a clear separation 
from the soap is not achieved, the fluid is filtered through glass wool. In 
digests of human muscle the soaps did not congeal and were removed in a 
separatory funnel. Removal of the soaps greatly facilitates subsequent 
purification, and, although they occlude some glycogen, they are dis- 
carded. The next steps, precipitation of glycogen with ethanol at a con- 
centration of 33 per cent and washing of the precipitate, are those de- 
scribed by Somogyi. A marked purification is obtained in the step in 
which impurities are removed by the addition of about 0.5 volume of 
ethanol after adjusting the glycogen solution with HCl to pH 4 to 5 (Congo 
paper showing a brownish blue color). A brownish or yellow precipitate 
forms over the course of some hours, which is removed by centrifugation. 
This precipitate includes some glycogen and is reworked by dissolving and 
precipitating again with about 0.5 volume of ethanol at slightly acid reac- 
tion. To the combined supernatant fluids more ethanol is added to make 
the concentration 45 to 50 per cent. If the precipitate is not pure white, 
the whole procedure, beginning with the acid step, is repeated. The final 
steps are those described by Somogyi for the preparation of salt-, N-, and 
P-free glycogen. 

After being dried, the white powders are completely soluble in water and 
form a transparent 1 per cent solution with a bluish opalescence. Muscle 
glycogen is less opalescent than liver glycogen. A milky solution is ob- 
tained with incompletely purified samples. That turbidity of solution is a 
sign of impurity can be demonstrated by further fractionation, which leads 
to clarification without appreciable loss of glycogen. 
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The purity of the isolated products was determined as follows: The 
sample was dried to constant weight 7m vacuo at 100°. A weighed sample 
was (a) completely hydrolyzed in acid (4 hours in 1 N HCl at 100°) and 
determined as glucose by copper reduction, (b) completely digested enzy- 
matically by means of amylo-1 ,6-glucosidase plus phosphorylase and deter- 
mined as the sum of free and phosphorylated glucose by copper reduction. 
The determinations under (a) and (b) were generally within +2 per cent of 
theory (based on the molecular weight of 162 for anhydroglucose units) for 
glycogen purified by the method outlined above. 

Glycogen Samples—We are greatly indebted to the following colleagues, 
Dr. L. B. Flexner collected about 10 gm. each of livers of fetal, new-born, 
and young adult guinea pigs. These were shipped in 30 per cent NaOH 
and yielded on isolation in this laboratory 60, 208, and 330 mg. of glycogen, 
respectively. Dr. Max Schlamowitz supplied glycogen from the livers of 
two rabbits which had been given an intravenous infusion of glucose or 
fructose after a fasting period. Dog liver glycogen was supplied by Dr. 
W. Z. Hassid, the corn glycogens by Dr. T. J. Schoch. Finally, in 1946 
we obtained a number of glycogen samples from the collection of Dr. D. J. 
Bell (see Tables I and II). These had been purified by precipitation with 
glacial acetic acid as used in the method of isolation of Bell and Young 
(6). Some of these samples could be digested enzymatically only to the 
extent of 60 to 70 per cent (see below). 

Determination of Degree of Branching—In Table I are assembled values 
obtained by the three methods of end-group analysis. The reciprocal of 
the per cent end-group (X 100) is the average chain length, defined as the 
number of 1,4-linked glucose residues per 1,6-linked glucose residue. 
Thus, an average chain length of 15 means 14 glucose residues linked 1,4 
and 1 residue linked 1,6. 3 

The most valid comparisons are those in which the identical material 
was analyzed by two or more methods; such cases are identified in Table I 
by bold-faced type. If the samples analyzed by the three methods are not 
identical, differences in the end-group value may arise in the following 
manner. 

The glycogen content of such organs as liver and muscle is subject to 
rapid turnover, and it seems that the composition of a particular glycogen 
sample depends on the previous history of the animal from which the tissue 
is taken. This was suggested by the finding of Bell (17) that the average 
chain length of rabbit liver glycogen may be either 12 or 18 glucose units 
under different conditions and was definitely indicated in recent experi- 
ments of Schlamowitz (18). Examples of the effect of the previous nutri- 
tional history on the degree of branching are given in Table II. Glycogen 
isolated from rabbit liver with low content (1 to 2 per cent) was more 
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highly branched than glycogen isolated from the livers of well fed rabbits, 
average chain length 12 and 14.7, respectively. These differences are be- 
yond the error of the enzymatic method. (Examples of the extent of 
agreement of duplicate determinations are given in Table I.) Similarly, 
the two samples of rabbit muscle glycogen in Table I (average chain 
length of 13 and 15, by the enzymatic method) deviate significantly from 


TABLE I 
Enzymatic and Chemical End-Group Determination of Branched Polysaccharides 


Bold-faced figures indicate that the same material was analyzed by two or more 
methods. The numbers in parentheses refer to the bibliography. 


; Average chain length 
Enzymatic) Periodate Methylation 
per cent | 
Ascaris lumbricoides glycogen (Bell) 6.6 15 12 (7) 12-13 (8) 
6.9 15-16 (9) 
Dog liver glycogen (Hassid) 8.3 12 12* 12* 
Guinea pig liver glycogen 6.5 15t | 13 (7) 12 (7) 
6.5 
Horse muscle glycogen (Bell) 6.9 15 14 (7) 12 (9) 
6.7 11* 11-12 (10) 
Mytilus edulis glycogen (Bell) Pe | 13 10 (7) 18 (11) 
Potato amylopectin (Hassid) 4.6 | 22 27 (12) 
20-23 (13) | 21 (14) 
Rabbit liver glycogen 6.6 | 15¢ | 14 (7) 12 (10) 
| 6.7 | 15f | 16 (7) 18 (15) 
| | 18 (7) 18 (7) 
Rabbit muscle glycogen (Bell) oe ae 13 (7) 12 (16) 
“ce | 6.7 | | 


* Personal communication from the donor of the preparation. 

ft Authors’ sample. 

t Values for other amylopectins (1) were sago 5.9, wheat 5.4, corn (two samples) 
4.4 and 4.1. 


each other. Age may also play a rdle; there is a progressive increase in 
average chain length of glycogen isolated from liver of fetal, new-born, and 
young adult guinea pigs and from immature, mature, and over-mature 
sweet corn (Table II). 
It might be said that with three different methods showing in many cases 
good agreement? the problem of the degree of branching of the glycogen- 
?The Potter and Hassid (12) periodate method gives values for average chain 


length which are higher than the enzymatically determined values (1), while results 
by the periodate method of Brown et al. (13) tend to deviate in the other direction. 
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amylopectin class has been solved successfully. The range of the average 
chain length for glycogen with the enzymatic method is from 12 to 17 
glucose units, while the range for different amylopectins (1) is from 17 to 
24 glucose units. ‘There is thus a continuous series of polysaccharides 
showing different degrees of branching. 

Effect of Glacial Acetic Acid—The finding that purified glycogen and 
amylopectin can be digested completely by the action of phosphorylase 
plus glucosidase did not hold in three out of the six glycogen samples 
received from Dr. Bell (human leg muscle, Mytilus edulis, fetal sheep). 
These could be degraded only 61 to 70 per cent by exhaustive action of the 
two enzymes. The possibility was considered that the exposure of glyco- 
gen to glacial acetic acid in the method of Bell and Young (6) may lead to 
acetylation of a few glucose residues. Such acetylation could protect a 
considerable portion of the glycogen molecule from enzymatic digestion. 
In order to test this idea’ the above samples were treated with 15 per cent 
NaOH at 100° for 1 hour and the glycogen isolated by several precipitations 
with alcohol. After this treatment the samples became completely di- 
gestible enzymatically. That saponification with alkali was the essential 
step was shown by the fact that mere precipitation with alcohol did not 
improve enzymatic digestibility. 

The analytical values obtained with the enzymatic method differed sig- 
nificantly before and after treatment with alkali, and only the latter are 
recorded in Tables I and II. To give examples of the magnitude of the 
change, the respective per cent end-groups for glycogen from human leg 
muscle, Mytilus edulis, and fetal sheep liver were 6.9, 6.3, and 5.0 before 
and 8.0, 7.7, and 8.7 after treatment with alkali. It seems clear that 
glycogen purified by treatment with glacial acetic acid is not satisfactory 
for enzymatic analysis and may also be unsuitable for physical measure- 
ments, such as ultracentrifugation. 

The above results have a bearing on previous experiments in which 
glycogen was degraded incompletely by the two enzymes on purpose (1). 
In this case the per cent end-group did not change significantly when 
enzyme action was interrupted at 42 to 64 per cent degradation as com- 
pared to complete degradation. As a possible explanation it was suggested 
that the two enzymes degraded 1 glycogen molecule completely before 
attacking a new one. As will be shown in the next section, the outer 
chains are longer than the inner chains; hence a partial degradation, if it 
involved all glycogen molecules, should give end-group values lower than 
those obtained on complete degradation. This is the case in the enzymatic 
degradation of the partially acetylated glycogens; assuming random acet- 
ylation, there must have been present intermediates of all stages of degra- 


3 Suggested by Dr. Schoch. 


B. ILLINGWORTH, J. LARNER, AND G. T. CORI 637 


dation when enzyme action came to an end because of hindrance by an 
acetyl group. 

Outer and Inner Chains—The length of the outer branches can be deter- 
mined by exhaustive degradation with either phosphorylase or B-amylase. 
The limit dextrin which remains after phosphorylase action is larger than 
that which remains after 6-amylase action, and, on isolating the former 
and treating it with B-amylase, there is split off 1 maltose unit per outer 
chain (19) or rather 2 units per every other chain (1). How close the 
glucose unit in the 1,6 linkage at the branch point can be approached by 
6-amylase action will depend on whether the number of glucose units in 
the chain is even or odd, the probable remainder being 2 or 3 glucose units, 
respectively. In calculating the length of the outer branches, 7.ec., (per 
cent degraded by enzyme)/(per cent end-group), 2 glucose units per chain 
were added when the degradation was with B-amylase and 4 glucose units 
per chain when the degradation was with phosphorylase. If the average 
chain length for the whole structure and the average number of residues 
for the outer chains is known, that of the inner chains is obtained by 
difference.® 

Surveying the data (Table II), one finds that the range of the average 
outer chain length for normal animal glycogen is from 7 to 13 glucose 
residues and for the few amylopectins so far studied from 13 to 16 glucose 
residues. Meyer (25), by means of degradation with £-amylase, estimated 
the outer branches of amylopectin to be from 15 to 18 units long. The 
average inner chain length is shorter in all cases, ranging from 3 to 5 
glucose units for glycogens and from 5 to 6 glucose units for amylopectins. 
Individual chains, both inner and outer, probably vary considerably in 
length. For the inner chains this was shown by Swanson (26), who found 
that there must be some in amylopectin which have 8 to 10 glucose resi- 
dues. This estimate was arrived at by comparing the absorption spec- 
trum of the limit dextrin-iodine complex with the iodine color of chains ot 
known length. 

A few special cases may be pointed out. Tubercle bacillus ‘glycogen’ 


‘This assumption is based on a somewhat analogous case examined by Posternak 
(20). A phosphohexaose, containing a phosphate group esterified on carbon 6 of 
either the 4th or 5th glucose unit (counting from the non-reducing end from which 
the enzyme attacks), was not acted upon by B-amylase, while after removal of the 
phosphate group by kidney phosphatase the resulting hexaose was completely de- 
graded to maltose. Thus, the phosphate group on carbon 6 (a C--O—P bond instead 
of the C—O—C bond at branch points) protects a maltose unit from being split off 
by B-amylase. 

5 The number of residues in outer and inner branches is additive with respect to 
“average chain length’’ (as defined above), because there are twice as many branches 
(outer plus inner) as there are branch points. The models of polysaccharide struc- 
ture in Paper II of this series illustrate this point. 
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(27) was not attacked at all by phosphorylase alone, behaving in this 
respect as if it were a phosphorylase limit dextrin. Phosphorylase plus 
glucosidase could degrade it only 40 per cent and its apparent end-group 
was 16 per cent. Treatment with hot alkali and subsequent isolation by 
ethanol precipitations removed the turbidity from solutions of this mate- 


TABLE II 
Partial Structure Determination of Glycogens 
Except as indicated, the samples were prepared by the authors. 


of 
ose residues 
Glycogen source by phos. 
phorylase Outer Inner 
branches | branches 
per cent per cent 
Fetal guinea pig liver............... oj 13.0 42.7 9.5 3.5 
New-born guinea pig liver........... 6.9 14.5 40.8 9.9 4.6 
Young adult guinea pig liver........ 6.5 15.4 39.3 10.0 5.4 
Immature corn (Schoch)............ 9.3 10.8 19.6 6.1 4.7 
Mature corn (Schoch)............... 8.4 11.9* 24.2 6.9 5.0 
Overmature corn (Schoch).......... 7.6 13.2 24.9 7.3 5.9 
Fetal sheep liver (Bell)............. 8.7 11.57 36.6 8.2 3.3 
Rabbit liver 
Low glycogen content (1-2%)..... 8.3 12.0 29.6 7.6 4.4 
High “ oe (pooled) ...| 6.8 14.7 36.2 9.3 5.4 
Glucose-infused (Schlamowitz).... 6.3 15.9f 44.7 11.1 4.8 
Fructose-infused 5.8 17.2§ 49.4 12.5 4.7 
Rat liver, Busch strain.............. 8.0 12.5 38.0 8.8 3.7 
$prague-Dawley.......... 13 .0|| 38 .0 8.9 4.1 
8.1 12.4 28.0 7.5 4.9 


* Periodate 10 (21) and 11 (22); methylation 11 (23). 
+ Periodate 13 (personal communication). 

¢t Periodate 22 (18). 

§ Periodate 21.5 (18). 

|| Periodate 11 (24). 


rial without affecting at all its behavior towards the two enzymes. More 
work is required to characterize this polysaccharide (see also Cori et al. 
(28)). 

Guinea pig liver glycogen shows an increase in the length of the outer 
and inner chains from fetal to adult glycogen, and a similar change occurs 
in corn glycogen with increasing maturity of the kernels (Table II). The 
outer branches of rabbit liver glycogen are short when the glycogen content 
is low and increase in length as new glycogen is being deposited. The basis 
for these differences may well be a varying ratio of activity of phosphorylase 
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which synthesizes straight chains in a-1,4 linkage and of branching enzyme 
(29) which makes a-1,6 linkages by a shift of chain segments. The ki- 
netics of the branching enzyme when acting alone or in combination with 
phosphorylase are being investigated at the present time in the hope that 
this will be an aid in the analysis of structure. 


SUMMARY 


1. A partial determination of structure has been carried out on glycogens 
isolated from livers and muscles of different animal species as well as from 
the livers of the same species under different conditions. This consisted 


in the determination of the degree of branching and of the average number 


of glucose residues in the outer and inner branches. 

2. It was shown that enzymatic and chemical end-group determinations 
carried out on the same sample were in fair to excellent agreement. Some 
samples purified with glacial acetic acid were resistant to complete enzy- 
matic digestion, presumably because of partial acetylation; after treatment 
with hot alkali they became completely digestible. 

3. The per cent end-group for different glycogens varied from 8.3 to 5.8 
and that for amylopectins from 5.9 to 4.1, showing that there exists a 
fairly continuous series of branched polysaccharides. In all cases the outer 
branches were longer than the inner branches. 

4. The per cent end-group varied considerably in the same species, 
depending on experimental conditions. It was 8.3 in glycogen isolated 
from rabbit livers with low content, 6.8 in two pooled samples from well 
fed rabbits, and 6.0 in glycogen freshly deposited after a fasting period. 
The degree of branching decreased in glycogens isolated from the livers 
of embryonal, new-born, and young adult guinea pigs. A similar decrease 
was also noted in phytoglycogen isolated from immature, mature, and 
overmature sweet corn. 
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STRUCTURE OF GLYCOGENS AND AMYLOPECTINS 
II. ANALYSIS BY STEPWISE ENZYMATIC DEGRADATION* 
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Three models have been proposed for the structure of branched polysac- 
charides of the starch-glycogen class; these are illustrated in Fig. 1. Staud- 
inger and Husemann (1) proposed a comb-like structure in which each side 
branch arises from a single main branch. Haworth (2) favored a laminated 
structure in which each branch arises from a preceding branch. Finally, 
Meyer et al. (3) proposed an irregular, tree-like structure; they pointed out 
that the action of B-amylase on a polysaccharide with a laminated structure 
would result in the formation of an elongated, thread-like molecule, as 
indicated in Fig. 1. Acetates of such molecules yield elastic films on 
evaporation of a solution on a glass plate. The acetylated B-amylase limit 
dextrins of amylopectin and glycogen did not form films and were therefore 
assumed to have a more compact structure than is compatible with the 
Haworth model. 

In the present experiments, four branched polysaccharides (rabbit muscle 
and liver glycogen, corn and wheat amylopectin) were degraded 80 to 90 
per cent by separate and successive action of phosphorylase and amylo- 
1,6-glucosidase. The values found after each enzymatic step could be 
made to fit only one model; namely, the one representing the four polysac- 
charides as multibranched, tree-like structures. 


EXPERIMENTAL 


Glycogen was isolated from livers and muscles of several well fed rabbits 
by the method described in Paper I (4). The amylopectins were kindly 
supplied by Dr. R. W. Kerr. 

Muscle phosphorylase was recrystallized eight to nine times and was 


* This work has been supported in part by a research grant from the Corn Indus- 
tries Research Foundation. 

{t Postdoctorate Fellow of the National Institutes of Health, United States Public 
Health Service, 1948-50. This report is from a dissertation submitted in partial 
fulfilment for the degree of Doctor of Philosophy in Biological Chemistry, Washing- 
ton University. Part of this research was carried out during the tenure of a Life 
Insurance Medical Research Fellowship. 
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shown to be free of glucosidase by the test previously described (5). The 
glucosidase preparations (5) after dialysis for 18 hours contained from 3 
to 5 y of inorganic P per ml. They were treated with dry starch powder 
(5) in order to remove a-amylase. Different batches of U.S. P. corn-starch 
varied in their ability to remove a-amylase, and even with the same batch 
there was some variation in the effectiveness of this treatment with different 
muscle extracts. For these reasons each glucosidase preparation was tested 
for amylase activity under conditions duplicating those used in the degrada- 
tion experiments. A reaction mixture containing 12 mg. of glycogen and 
3 ml. of starch-treated extract was incubated at 30° for 4 hours, depro- 
teinized according to West (see Steiner (6)), and copper reduction deter- 


| 2 3 
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Fic. 1. Models proposed for the structure of glycogen or amylopectin, (/) Staud- 
inger, (2) Haworth, (3) Meyer. The dotted lines indicate the limits of degradation 
by B-amylase. # is the reducing group. 


mined in the filtrate. Only those extracts were used in which the increase 
in reduction (in terms of glucose) corresponded to a splitting of less than 
1 per cent of the added glycogen. That such traces of amylase did not 
interfere seriously in the degradation experiments was indicated by the 
fact that glucosidase action reached an end-point after 2 to 3 hours of incu- 
bation, as shown by determinations of the reaction product, glucose, by 
copper reduction, and by a specific microenzymatic method.! The subse- 
quent phosphorylase step was also uninfluenced, since identical amounts of 
glucose phosphate were released after treatment with glucosidase prepara- 


1 Although the action of a-amylase leads to an increase in reducing power, there is 
little or no glucose liberated until degradation has progressed quite far (7). Traces 
of amylase may thus interfere with the chemical but not with the microenzymatic 
determination of the glucose formed by glucosidase action. Good agreement between 
chemical and enzymatic glucose determinations serve as a further check for the effec- 
tive removal of amylase from the glucosidase preparation. 
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tions which were practically free of amylase activity and preparations 
which had a slight, but measurable, amylase activity. It should be noted 
that glucosidase does not act on glycogen, but only on the limit dextrin of 
glycogen produced by preceding phosphorylase action. 

Stepwise Enzymatic Degradation—Starting with 150 to 200 mg. of poly- 
saccharide, five to seven successive digestions in which the two enzymes 
were alternated were carried out. The products formed after each enzy- 
matic step were determined quantitatively as follows: After phosphorylase 
action, glucose-1-phosphate was determined in HgCl,-HC]l filtrates by cop- 
per reduction after acid hydrolysis for 5 minutes at 100° (5). After glu- 
cosidase action, free glucose was determined in HgCl.-HC] filtrates by the 
specific enzymatic-spectrophotometric method? (5), and in some cases also 
by the micromethod of Park and Johnson (8) with satisfactory agreement. 

The details of the degradation experiments were as follows: Phospho- 
rylase was allowed to act first in a medium containing about 15 moles of 
inorganic phosphate per mole of glucose calculated to be available to the 
enzyme in the formation of glucose-1-phosphate. When the reaction had 
reached an end-point (usually after 2 to 3 hours at 30°), the remaining 
polysaccharide was isolated by precipitation with alcohol and in some 
cases again submitted to the action of phosphorylase. There occurred no 
or only an insignificant further degradation. The material obtained by 
this exhaustive treatment with phosphorylase was designated as limit dex- 
trin, or LD,; it was isolated and freed of inorganic phosphate by carrying 
out several alcohol precipitations, one of them at pH 4 to 5. The ab- 
sence of phosphate in the final product was checked by analysis. 

LD, was next incubated with 250 units of glucosidase (5) per mg. of 
polysaccharide (in a medium to which no phosphate was added) until two 
successive periods | hour apart showed no further liberation of free glucose; 
the total period of incubation was usually 3 hours at 30°. Glucosidase was 
inactivated by heating at 100° for 5 minutes and the coagulated protein 
removed by filtration. Phosphorylase and inorganic phosphate were again 
added and the incubation continued until the enzymatic action had reached 
an end-point, as judged by the absence of further liberation of glucose-1- 
phosphate in two successive incubation periods 1 hour apart. This resulted 
in the formation of LD», which was isolated as indicated above. 

A repetition of the process yielded LD3;, and in some cases also LD,. 
Use of larger amounts of polysaccharide initially would have permitted 


? Owing to the presence of traces of inorganic phosphate and of phosphorylase in 
the glucosidase preparations, a small amount of hexose phosphate, usually less than 
10 per cent of the free glucose, was also formed. This was determined spectrophoto- 
metrically with the Zwischenferment system before the addition of adenosinetri- 


phosphate. 
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further degradation. The amount of polysaccharide recovered at each 
LD stage was usually 80 to 95 per cent of theory.2 End-group determina- 
tions were done on aliquots of the isolated LD by means of the enzymatic 
method previously described. As a further aid in the elucidation of struc- 
ture, some LD preparations were also submitted to the action of crystalline 
B-amylase, kindly supplied by Dr. A. K. Balls. 


Results 


The analytical values obtained on stepwise enzymatic degradation are 
presented in Table I. Repeated determinations of the per cent degradation 
in the first phosphorylase step were in excellent agreement. Less satis- 
factory results were at first obtained with the glucosidase step. In the 
trial run of this series, which was carried out on liver glycogen (Table I), 
it was not appreciated that the reaction had failed to reach completion 
within the limited period of incubation (kept brief in order to avoid amylase 
action). That an incomplete glucosidase step can reduce the extent of 
subsequent degradation by phosphorylase and thus produce an accumula- 
tive error is shown by comparing the first and second series of degradation 
of liver glycogen. This difficulty was avoided in subsequent determina- 
tions; compare the two separate degradations of muscle glycogen to the 
LD, stage. 

Omitted from Table I are data on the degradation of the various LD 
preparations by 6-amylase. The outer structure of LD, (phosphorylase) 
has been illustrated (5); originating from a branch point there is a main 
branch of 6 to 7 glucose units in 1,4 linkage, and a side branch of 1 glucose 
unit in 1,6 linkage, the latter being the point of attack of glucosidase. 
LD,, when treated with 8-amylase, yields 2 maltose units from each of the 
main outer branches. The same is true for LDe2 and LD; and they all 
have therefore the same outer structure. The inner structure of LD,, 
LD., and LD; also appears to be a repetition of a fairly regular pattern. 
Thus the per cent end-group and per cent degradation by phosphorylase 
of glucosidase-treated LD,, LD2, and LD; of liver glycogen, second series, 
remains almost constant. The other polysaccharides show a slight de- 
crease in the per cent end-group between LD, and LD, and some variation 
in the per cent degradation by phosphorylase, pointing to a somewhat 
greater irregularity of inner structure. 

In Table I values are presented in terms of per cent degradation of the 
original material after each phosphorylase step. As pointed out before 
(4), neither phosphorylase nor 6-amylase can remove all the 1,4-linked 
glucose residues in the outer chains down to the first branch point. By 


’ For quantitative determination, aliquots of the polysaccharides were hydrolyzed 
in acid and determined as glucose. 
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calculation, if the glucose residues of outer branches were completely re- 
moved in the formation of LD,, the two glycogens would be degraded 6} 
per cent, wheat amylopectin 70 per cent, and corn amylopectin 74 per cent, 
Liver glycogen after the fourth treatment with phosphorylase, correspond- 
ing to the formation of LD,, was degraded 87.5 per cent. If the outer 
chains of LD, had been completely removed, the degradation would have 
been over 90 per cent. This residual structure near the reducing end is 
still a large molecule, since the original molecular weight of glycogen is of 
the order of 1 million or more according to ultracentrifugation and osmotic 
pressure measurements. 

After each phosphorylase step one ‘‘tier” has been degraded and the next 
tier is made accessible through action of glucosidase and so on. The 
question arises how many such tiers are present in the different polysac- 


TaB_e II 
Length of Outer and Inner Branches and Distribution of Branch Points 


No. of residues per 


outer branch Average No. of 


glucose residues* 


| Average hydrolyzed Branch points in 
Polysaccharide chain successive tiers, 
Rabbit liver glycogen 7.1 6 30 | 23° 15 
muscle ‘“ 5.1 6 53 | 23 
Wheat amylopectin 5 66 | 17 
Corn “ | 24 | 12.9 | 156 | 18 | 6 | 61) 2 
| 


* The method of calculation is described in the preceding paper (4). 


charides and how are they arranged. Inspection of the three proposed 
models in Fig. 1 shows that the Staudinger and the Haworth models would 
yield a constant percentage of the total branch points in each tier during 
successive enzymatic degradation, while the Meyer model would yield a 
diminishing percentage as one progresses from the outer to the inner tiers, 
such as is actually indicated by the data in Table II. Only one kind of 
model could be made to fit this arrangement of branch points; namely, one 
which represents the polysaccharides as multibranched, tree-like structures. 

Fig. 2 represents a model of a segment of rabbit muscle glycogen (mol. 
wt. 24,000) in the form of a branched structure, containing five tiers and 
constructed according to the following specifications: average chain length 
15, average length of outer and inner branches 9 and 6 glucose residues, 
respectively, 50 per cent of branch points in the first tier, 20 per cent in the 
second tier, and 10 per cent each in the remaining three tiers. These are 
close to the experimental values found in Table II and they put a consid- 
erable restriction on the type of model that can be constructed. In fact, 
the significance of the analytical data can be tested by comparing exper'- 
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Fic. 2. Model of segment of muscle glycogen based on results obtained by step- 
wise enzymatic degradation. ©, ©, and @ glucose residues removed by first, 
second, and third degradation with phosphorylase, respectively. @, glucose resi- 
dues removed by amylo-1,6-glucosidase. Of five tiers three were degraded, corre- 
sponding to 122 out of 150 glucose residues. 


TaBLe III 
Experimental and Calculated Values for Model of Segment of Glycogen Molecule from 
Rabbit Muscle 
The calculated values are those resulting from the construction of the model in 
Fig. 2. LD refers to the limit dextrin formed by phosphorylase and LD(g) to the 
limit dextrin after treatment with glucosidase. The total number of glucose residues 
is 150, of which 140 are in a-1,4 and 10 also in a-1,6 linkage, the latter being the resi- 
dues at branch points. | 


| | Degradation End-group 
Stage of degradation Enzyme used for degradation 4 — ’ 
| | SPN | | Found | Sstcq | Found 
| | | per cent per cent per cent per cent 
Glycogen | | 6.7 | 6.8 
= | Phosphorylase —aw-1,4 | 55 36.6 34.8 
LD, | | 10.5 | 11.3 
LD, Glucosidase 5 5.3 | 5.4 
LD, (g) Phosphorylase = a@1,4_ 44.5 41.3 
LD, | 10.0 10.3 
LD, Glucosidase — al 6 2 | 40; 4.0) 
LD:2(g) Phosphorylase a-1,4 20 41.6 | 40.0 
D; | | | | 10.7 | 10.6 
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mental and calculated values, the latter being those resulting from the con- 
struction of the model according to the above specifications. This has 
been done in Table III. As an example, if it is assumed that the first tier 
contained 40 per cent of the branch points (instead of 50 per cent), the 
per cent end-group calculated for the LD, would be 11.8 (instead of 10.0). 
It can be seen that the experimental value of 10.3 is much closer to the 
latter value. (Good agreement between calculated and experimental values 
has also been obtained with the other three polysaccharides, and the models 
which have been constructed for them are very similar to that shown in 
Fig. 2. 
DISCUSSION 


Consideration of the mechanism of enzymatic synthesis of polysaccha- 
rides permits certain deductions to be made about structure. It has been 
shown that straight chains of 4 or more glucose units can act as primers 
for the reaction catalyzed by potato phosphorylase. Polysaccharide syn- 
thesis from glucose-1-phosphate consists in the addition of glucose units to 
the non-reducing end of these chains, which grow in a regular fashion, as 
shown by the gradual change in the iodine absorption spectrum corre- 
sponding to visual colors from red to purple to blue (9). It has been found 
recently that, when there is added to this system a purified fraction of 
branching enzyme from liver, the polysaccharide synthesized has the char- 
acteristics of glycogen or amylopectin. This will be reported in a later 
paper. The question here is what kind of structure would result; two 
possibilities are illustrated in Fig. 3, A and B. It is assumed in Fig. 3, A 
that the new end-groups created by branching all have the same affin- 
ity for phosphorylase, and hence there is an equal chance for any of 
the branched chains to be made longer. This would result in the forma- 
tion of a tree-like structure similar to that in Fig. 2. If this were not the 
case, that is, if one branch had a higher affinity than the others, a laminated 
structure would result, as shown in Fig. 3, B. 

A distinction between these two possibilities is afforded by the kinetics 
of the reaction. With low primer concentration, the curve for polysac- 
charide synthesis with phosphorylase plus branching enzyme has been 
shown to be S-shaped (10), a fact which has been verified in recent observa- 
tions. This is due to the fact that phosphorylase is far from saturated with 
respect to primer end-groups and that the type of branching illustrated in 
Fig. 3, A gives rise to a rapid increase in primer concentration. Formation 
of a laminated structure (Fig. 3, B) would not give an autocatalytic curve, 
because the number of effective primer end-groups in each molecule being 
built up would remain the same.‘ 


4 Evidence for the action of the branching enzyme on a structure growing as in Fig. 
3, A has been obtained (11). The outer chains were made longer with C'!-glucose. 
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The structure in Fig. 3, A shows the following characteristics. As the 
number of successive tiers increases, the per cent of the total number of 
branch points in the outermost tier approaches 50 per cent, in the next 25 


Fic. 3. Schematic representation of combined action of phosphorylase and branch- 
ing enzyme. A represents the growth of the molecule when all chains have an equal 
chance of being made longer by phosphorylase. In B only one of the branched chains 
is made longer by phosphorylase action. 


TABLE IV 


Calculated Molecular Weights for Glycogen with 6.8 and Corn Amylopectin with 4.1 
Per Cent End-Groups 


The calculations are based on the model in Fig. 3, A and are as follows: the number 
of outside branches equals the number of end-groups, the latter being 6.8 per cent 
for glycogen. Therefore, sixteen end-groups correspond to a total of (16 X 100)/6.8 
= 235 glucose residues, or (X 162) to a molecular weight of 38,000. 


Mol. wt. 
No. of outside branches No. of tiers $5 -_—_—_—__ 
6.8 per cent end-group | 4.1 per cent end-group 
16 4 38 , 000 63 , 100 
32 5 76 ,000 126 , 500 
64 6 152,000 253 ,000 
512 9 1,216,000 2,020 , 000 


per cent, in the next 12.5 per cent, and so on. This complete regularity of 
structure represents un ideal case; as a fairly close approach the model for 


The polysaccharide was isolated and the branching enzyme alone allowed to act on it. 
A shifting of chain segments, as illustrated, would then result in the formation of 
1,6-linked C'4-labeled glucose units. This could be demonstrated by means of am- 
ylo-1,6-glucosidase, which is specific for these units. 
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muscle glycogen in Fig. 2 yielded 50, 20, and 10 per cent of the branch 
points in the first, second, and third tiers, respectively. 

The relationship between structure and molecular weight may now be 
discussed. In Table IV are calculated values for the model in Fig. 3, A 
for 6.8 and 4.1 per cent end-group, corresponding to glycogen and corn 
amylopectin, respectively. It is of interest to note how strongly the mole- 
cular weight is influenced by structure. The structure shown in Fig. 3, 
A when built up to five tiers has a molecular weight of 76,000.° A lami- 
nated model of muscle glycogen with five tiers, as in Fig. 3, B, would havea 
molecular weight of only 14,300. 

Glycogen and amylopectin are polydisperse substances, as indicated by 
ultracentrifugation. If the mean molecular weight were of the order of | 
million or more, glycogen would contain an average of nine tiers according 
to Table IV, and stripping it of its four outermost tiers would be equivalent 
to a degradation of over 90 per cent, such as has actually been reached in 
the case of liver glycogen. The analytical data are compatible with a 
molecule of this size. In fact, the method of enzymatic degradation as 
used does not give much information about molecular size, because the 
total number of tiers present cannot be accurately determined. By calcu- 
lation, a remainder of about 7 per cent of an original molecule of 1 million 
would contain five tiers and would have a molecular weight of 76,000. 
The aim is to isolate this fragment in order to determine the details of 
structure and the number of tiers near the reducing end. 


SUMMARY 


Stepwise enzymatic degradation of two glycogens and two amylopectins 
was carried out by alternate action of muscle phosphorylase and amylo- 
1 ,6-glucosidase. The limit dextrins formed by phosphorylase action were 
isolated. After the third phosphorylase step liver glycogen was degraded 
77 per cent and corn amylopectin 89 per cent. An additional cycle brought 
the degradation of liver glycogen to 88 per cent. The successive phos- 
phorylase limit dextrins were similar in structure, as shown by the fact 
the B-amylase removed in each case 2 maltose units per main outer branch 
and that the per cent end-group remained fairly constant. The per cent 
of the total branch points present in each tier became progressively less as 
the reducing end was approached. Only one type of model could be made 
to fit the analytical data; namely, one which represents the polysaccharides 
as multibranched, tree-like structures. Further support for this structure 
arises from a consideration of the mechanism of enzymatic synthesis. 


5 The model in Fig. 2 differs from that in Fig. 3, A in two respects. The sequence 
of branching from inner to outer tiers is haphazard rather than according to a pat- 
tern of regular growth, as in Fig. 3, A. Secondly, a segment of a molecule is repre- 
sented rather than the whole molecule. 
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STRUCTURE OF GLYCOGENS AND AMYLOPECTINS 
NORMAL AND ABNORMAL HUMAN GLYCOGEN* 


By BARBARA ILLINGWORTH anv GERTY T. CORI 


(From the Department of Biological Chemistry, Washington University School 
of Medicine, St. Louis, Missouri) 


(Received for publication, June 6, 1952) 


In view of the experience gained with enzymatic analysis of glycogen 
structure (1, 2), 1t seemed of interest to analyze the glycogen deposited in 
von Gierke’s or glycogen storage disease. Schoenheimer (3) had shown 
that the glycogen isolated by him from the liver of von Gierke’s original 
case showed the same specific rotation as did normal glycogen, was exclu- 
sively composed of glucose residues, and was degraded by minced normal 
human liver, while it did not disappear from the diseased liver itself. He 
therefore regarded the glycogen as normal and drew the conclusion that the 
enzyme (or enzymes) which degrade glycogen to glucose in the liver are 
absent in von Gierke’s disease. For a review on glycogen storage disease 
see van Creveld (4). 

The methods used in this paper were those of Papers I and II of this 
series. The range of variation in end-group values and chain lengths of 
glycogen obtained from liver or muscle of individuals who were ‘‘normal”’ 
in the sense that they did not have von Gierke’s disease is indicated in 
Table I. The values there recorded fall within the range of animal glyco- 
gens. The extent of individual variation both for liver and muscle glyco- 
gens is considerable, and in order to be classed as ‘‘abnormal”’ the structure 
of a glycogen would have to fall well outside these limits. 

A survey of Table II shows that the liver glycogen in eight out of ten 
cases of storage disease had a structure which was within the normal range. 
This fact should be emphasized, particularly for Cases 1 and 2 which were 
fatal at an early age and closely resembled von Gierke’s original case. In 
Case 2 the excessive fat content of the liver may have interfered with the 
deposition of large amounts of glycogen. The liver glycogen in both cases 
and the kidney glycogen in Case 2 had outer chains of average length and 
a highly branched inner core, a pattern also seen in Cases 6, 7, and 8. 
Case 3, the youngest subject in the whole group, is probably of the severe 
type and the structure of its liver glycogen is normal. There are five cases 
(Nos. 4 to 8) in Table IT, all older children, with a long history of the disease 


* This work has been supported in part by a grant from the Nutrition Foundation, 
Inc. 
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which at no time had been very severe, in which the glycogens have normal 
structures. 

This leaves two cases with definitely abnormal glycogen; however, the 
deviation from the normal is in opposite directions. Case 9 is the only one 
in which both liver and skeletal muscle were found to be involved. The 
outer chains of the glycogens are very short, the muscle glycogen being 
close to the phosphorylase limit dextrin (only 3 per cent degradation by 
phosphorylase as compared to 25 to 38 per cent for normal muscle glyco- 
gens). This brings the percentage end-group of the entire molecule to 


TABLE I 
Structure Analysis of Human Glycogens 


| 
| 


Average No. | 


: verage egra per ycogen 

Sample ps semana chain by phos- ‘content of | Remarks 
group | length phorylase tissue 


Outer | Inner 
chain | chain 


per cent per cent per cent 
Infant liver, P. J........ 7.1 14.1 31.9 | 8.55.6 | 4.6 Autopsy 
Leg muscle.............. 8.0 12.5 34.6 | 8.3 4.2 
Pectoralis muscle, 1 pa- | | | 
72 i 2a 32.7 | 8.5'5.4 0.96 | Biopsy 
Pectoralis muscle, pooled | | 
from 2 patients....... | 8.2 | 12.3 | 25.0 | 7.1 |6.2/ 0.56 |; “ 


P. J., female, 4 months old, accidental death; liver frozen within 4 hours (Dr. R. 
L. Swarm, St. Louis). R.O., male, 4 months old, parathyroid fibrosis; hepatomeg- 
aly with focal scarring; liver frozen within 4 hours (Dr. R. L. Swarm, St. Louis). 
Leg muscle, sample obtained from Dr. Bell (Cambridge); completely digestible 
after deacetylation (see Paper II). Pe¢toralis muscle obtained from three women 
during operation for breast cancer (Dr. L. V. Ackerman, St. Louis). 


values much higher than those observed in other human or animal glyco- 
gens. 

The liver glycogen in Case 10 is the most remarkable, having very long 
outer and inner chains; it is much closer in structure to corn amylopectin 
than to any of the glycogens yet investigated. It is sparingly soluble in 
cold, but soluble in hot water. When a solution is frozen and then thawed, 
it is found to have retrograded, and the suspension when swirled exhibits 
schlieren phenomena. Normal glycogen remains completely soluble under 
these conditions. 

The x-ray powder diagram of the polysaccharide gives definite evidence 
of crystallinity, being a B type diagram, which is given by amylopectins 
but not by glycogens. These x-ray patterns arise when branches are long 
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TaBLe II 
Structure Analysis of Glycogen Samples from Patients with Glycogen Storage Disease 
| | _ Average No. 
. | Average Degraded | Glycogen 
| Outer | Inner 
chain | chain 
es per cent per cent | per cent 
1 Liver 8.0 12.5 36.4 8.5 4.0; 11.0 Autopsy 
Muscle 8.4 11.9 38.4 8.6 3.3 0.1 . 
2 Liver 9.2 11.0 36.4 8.0 | 3.0 2.8 #: 
Kidney 9.5 10.5 32.8 7.5 | 3.0 3.8 - 
3 Liver 7.4 13.5 34.6 | 8.7/4.8) 10.2 | Biopsy 
4 7.6 13.2 42.0 9.5 3.7) 14.2 
5 7.6 | 13.2 | 41.0 | 9.4/3.8) 127 | 
6 8.9 | 11.2 | 32.8 | 7.71 3.5 
8.2 12.3 40.6 9.0 3.3 103 
Muscle 7.6 13.1 34.8 8.6 4.5 
9 | Liver 10.8 | OR). 
| Muscle 13.1 7.6 2.6 4.0 3.6 ce t..™ 
10 Liver 4.7 21.2 50.5 | 14.7 | 6.5 2.9 | Autopsy 


Case 1. P. S.—Clinically characteristic symptoms of the disease; male, 1 year 
old; autopsy 4 hours after death; liver weight 1020 gm. (normal 290 gm.); marked 
lipemia; skeletal and heart muscle not involved (Dr. A. F. Hartmann, St. Louis). 

Case 2. M.A. S.—Clinically as above; female, 15 months old; one sibling died 
with similar symptoms; parents second cousins; liver weight 1300 gm., fat content 
23 per cent; excessive glycogen storage in kidneys; muscles not involved, 0.29 per 
cent glycogen; spleen 0.2 per cent glycogen (Dr. A. E. Hansen, Galveston). 

Case 3. R.D.W.—Characteristic symptoms; male, 3 months old; hepatomegaly ; 
very low fasting blood sugar (Dr. H. D. Palmer, Denver). 

Cases and §. Daniel and Dennis B.—Fraternal twins, 34 years old; main symp- 
tom continuing hepatomegaly ; definite rise in blood sugar after epinephrine; glucose 
tolerance curve somewhat high and prolonged, persistent mild ketonuria (Dr. M. J. 
Carson, Los Angeles). 

Case 6. TT. S.—Clinically characteristic symptoms; male, 5 years old; hepato- 
megaly; poor physical development (Dr. M. J. Carson, Los Angeles). 

Case 7. D. B.—Characteristic symptoms; male, 19 years old; hepatomegaly; 
improved physical development in the last 3 years (Dr. T. McQuarrie, Minneapolis). 

Case 8. S.S.—Female, 34 years; hepatomegaly; low fasting blood sugar; definite 
rise in blood sugar after epinephrine (Dr. A. F. Hartmann, St. Louis). 

Case 9. C. H.—Female, 12} years old; hepatomegaly since 14 years of age; in 
fair physical condition; delayed blood sugar curve after oral glucose; some rise in 
blood sugar after epinephrine (Dr. J. B. Forbes, Dallas). 

Case 10. P. B.—Male, 17 months; clinical and pathological reports to be pub- 
lished by Dr. D. H. Anderson (New York); glycogen prepared with KOH by Dr. 
Anderson and further purified in this laboratory. 
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enough to align with neighboring branches in an orderly array. Unlike 
amylose, the polysaccharide did not exhibit a V type pattern when pre- 
cipitated by alcohol. 

Fig. 1 shows that the iodine absorption spectrum of the ‘“‘glycogen”’ from 
Case 10 has a peak at about 530 muy, while the absorption maximum of corn 
amylopectin is at about 550 my. These polysaccharides are about equally 
chromogenic. Though the partially degraded polysaccharide of Case 10 


a 


420 460 500 540 580 620 
WAVE LENGTH, mp 
Fig. 1. Absorption spectra of polysaccharides in the presence of I:-KI read against 
a reference cell containing the same concentration of I:-KI. Total volume 3 ml.; 
0.05 per cent I2-0.1 per cent KI; @, 140 y of corn amylopectin; A, 148 y of liver gly- 
cogen, Case 10, Table II; A, 300 y of LD: of liver glycogen, Case 10; J, 300 7 of LD; 
of liver glycogen, Case 10; O, 460 y of liver glycogen, case P. J., Table I. 


.200F 


DENSITY 


(stages LD» and LDs3;) is less chromogenic, the absorption maximum re- 
mained unchanged and the curves for the two LD samples resemble even 
more closely the curve obtained with corn amylopectin. Normal baby 
glycogen (P. J., Table I) has an absorption peak at 470 mu and is only 
weakly chromogenic, as are other animal glycogens. 

One normal baby liver glycogen (P. J., Table 1) and the glycogens ol 
Cases 1 and 10 in Table II were submitted to stepwise degradation with 
phosphorylase and glucosidase by the techniques described in Paper II 
(2). The results are summarized in Table III. Two independent degrada- 


‘The authors are indebted to Dr. R. 8. Bear of Boston for the x-ray diffraction 
patterns, copies of which will be sent on request. 
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tions were carried out on the liver glycogen of Case 1. The errors of the 
methods used are indicated by the deviations of the individual values. 

The human glycogens, like those of animal origin, have a multibranched, 
tree-like structure. This is indicated by the fact that the per cent of total 
branch points in each tier diminishes as one approaches the reducing end 
by stepwise enzymatic degradation. For example, this percentage is 41, 
27, and 16 for the first, second, and third tiers of the glycogen isolated from 
a normal infant liver and 38, 24, and 12.5, respectively, for liver glycogen 
from a fatal case of von Gierke’s disease. Such minor differences in struc- 
ture between these two glycogens as are shown in Table III are regarded as 
within the range of normal variations. Comparison with rabbit liver gly- 
eogen (Table I of Paper IT) likewise fails to reveal essential differences in 
structure. 

In the details of its inner structure the abnormal glycogen from Case 10 
again resembles amylopectin more than it does normal liver glycogen. The 
original per cent end-group (4.7) and that of LD, (9.3) and LDz» (9.2) are 
to be compared with the respective values for corn amylopectin (4.1, 10.2, 
and 8.8, Table I, Paper II), all considerably lower than any of the com- 
parable values found for normal glycogen. After the third degradation by 
phosphorylase, corresponding to the LD; stage, the per cent degradation of 
the original polysaccharide reached 74 to 76 per cent in the case of normal 
and 82 per cent in the case of the abnormal glycogen. Wheat and corn 
amylopectin, at this stage, were degraded 81 and 88 per cent respectively. 
The higher per cent degradation might mean that there is a smaller number 
of tiers present and that consequently the molecular weight is smaller. 
Ultracentrifugation studies, to be reported by Dr. John F. Taylor in a 
separate paper, favor this assumption. 

These findings show that there exist different types of glycogen storage 
disease (see Sant’ Agnese et al. (5)). The fact that the glycogen may have 
& normal or an abnormal structure could be explained if different enzyme 
insufficiencies were found in such cases. In the two fatal cases, which in- 
volved only the internal organs, it has been found that homogenates of the 
liver had barely any specific glucose-6-phosphatase activity. Appropriate 
controls were carried out on autopsy and biopsy specimens of the livers of 
babies. In mixture of homogenates no significant inhibition of the glu- 
cose-6-phosphatase activity of normal liver could be demonstrated. The 
absence of this enzyme could explain the unavailability of liver glycogen 
for blood sugar formation in this type of the disease which leads to early 
death. Enzyme studies in these and some of the other cases are reported 
in the paper which follows. 

Since glucose-6-phosphatase is not present in muscle, the pathogenesis 
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in cases involving muscle must be different. This is supported by the fact 
that in one such patient (Case 9), both liver and muscle glycogen had an 
abnormal structure. The biopsy specimen of muscle and liver was too 
small to permit a test for amylo-1 ,6-glucosidase, the absence or low activity 
of which enzyme could account for the structural abnormality of the gly- 
eogen and its incomplete availability. 

As to the unique case, No. 10, the amylopectin-like polysaccharide depos- 
ited in the liver, though it can be completely degraded by phosphorylase 
plus glucosidase in vitro, is much less soluble than glycogen and may 
thereby have become unavailable to the enzymes in vivo. The possibility 
of a deficiency of the branching enzyme in this case could not be tested 
experimentally for want of material, nor was there any muscle glycogen 
available. 


SUMMARY 


1. Glycogen was isolated from the livers of ten children with von Gierke’s 
disease. Structure analysis consisted in the determination of the degree of 
branching and of the length of outer and inner chains. In two cases an 
analysis was carried out by stepwise enzymatic degradation. Human liver 
and muscle glycogen from control cases was similarly analyzed in order to 
establish the extent of individual variation. 

2. In eight out of the ten cases no abnormality of glycogen structure 
could be detected. In general, these human glycogens showed patterns 
very similar to those found in a variety of other species. 

3. In one case of storage disease which involved both liver and skeletal 
muscles the liver glycogen had very short outer branches and the muscle 
glycogen had almost none, resembling a phosphorylase limit dextrin. 

4. In another case the liver glycogen was less branched and had longer 
inner and outer chains than normal glycogen. The polysaccharide re- 
sembled amylopectin in these properties, and also in solubility, x-ray dif- 
fraction pattern, and absorption spectrum of the iodine complex. 

5. A deficiency of the specific glucose-6-phosphatase of the liver has been 
demonstrated in the two fatal cases in which glycogen structure was normal. 
The two cases with abnormal glycogen structure point to different kinds of 
enzymatic deficiency and emphasize the fact that there are different types 
of glycogen storage disease. 


The authors are highly appreciative of the valuable clinical material 
placed at their disposal by a number of physicians whose names have been 
given and who made this investigation possible. 
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GLUCOSE-6-PHOSPHATASE OF THE LIVER IN GLYCOGEN 
STORAGE DISEASE 


By GERTY T. CORI ann CARL F. CORI 


(From the Department of Biological Chemistry, Washington University School 
of Medicine, St. Louis, Missourt) 


(Received for publication, June 27, 1952) 


In the preceding paper (1) it was shown that the structure of liver glyco- 
gen in ten cases of von Gierke’s disease was within the normal range of 
variations in eight and definitely abnormal in two cases. That the liver 
glycogen which accumulates in excessive amounts is not readily available 
for blood sugar formation is indicated by the tendency to hypogly- 
cemia, the frequently flat blood sugar curve after injection of epineph- 
rine, and the persistence of the glycogen post mortem. 

The following considerations led to an investigation of the glucose-6- 
phosphatase activity of the liver. The enzymes required for the conver- 
sion of glycogen to glucose in the liver are (1) phosphorylase, (2) amylo- 
| ,6-glucosidase, (3) phosphoglucomutase, and (4) glucose-6-phosphatase. — 
For glycogen synthesis from glucose there is needed, in addition to (1) and 
(3), hexokinase and branching enzyme. Therefore, if the hepatic type of 
glycogen storage disease were due to an enzyme deficiency, (2) and (4) 
might be implicated. It is shown in this paper that in two fatal cases 
there was an almost complete lack of the specific glucose-6-phosphatase of 
the liver. 


EXPERIMENTAL 


Livers obtained at autopsy were frozen within 4 hours after death, while 
samples obtained at biopsy were frozen in the operating room. In no case 
were the samples allowed to thaw before use. When shipped, they were 
packed in dry ice and they arrived frozen. The livers could be kept for 
several months at — 18° without significant change in phosphatase activity. 

For the experiments small pieces (0.3 to 4 gm.) were chiseled off the 
frozen livers, weighed, and homogenized immediately in ice-cold water in a 
cold stainless steel homogenizer, or ground in a cold mortar without sand. 
For 1 part of liver, 2 parts of water were used. The homogenates were 
filtered through gauze to remove small amounts of fibrous tissue, yielding 
a filtrate which could be pipetted without difficulty. Several dilutions of 
the same homogenate were incubated with glucose-6-phosphate in order to 
test proportionality to enzyme concentration. In some, but not all cases 
less enzyme had more than the proportional effect. The composition of the 
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reaction mixtures is given in Fig. 1 and Table I. Initial and incubated 
samples were deproteinized with trichloroacetic acid and the filtrates an- 
alyzed for inorganic phosphate by the method of Fiske and Subbarow (2). 
Each experiment included samples incubated without the addition of glu- 
cose-6-phosphate. The amount of inorganic phosphate found after incuba- 
tion without substrate was deducted from that formed in the presence of 
substrate. In all instances only small amounts of inorganic P were formed 
on incubation without substrate. 


700} 


600} 
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Fic. 1. Action of liver phosphatases on glucose-6-phosphate at different pH 


MICROGRAMS P PER 100 MILLIGRAMS LIVER 


levels. The experimental conditions were the same as in Table I, except that 0.1 » 


Veronal was used at pH 8 and 9 and 0.1 m acetate at pH 5. Each point represents an 
average of two to six experiments. Curve 1, normal liver from a 4 month-old infant, 
accidental death (P. J.); Curve 2, cirrhotic liver, autopsy (R. 8.); Curve 3, von 
Gierke’s disease, biopsy (C. H.); Curve 4, von Gierke’s disease, biopsy (Dennis B.); 
Curve 5, von Gierke’s disease, autopsy (P.S.). 


Glucose-6-phosphatase—lIn order to establish the range of variation in the 
activity of this enzyme, homogenates were prepared from normal livers 
as well as from livers with pathological lesions other than storage disease. 
The results obtained at different pH are summarized in Fig. 1. In normal 
liver (Curve 1) and a cirrhotic liver (Curve 2) the activity in the pH range 
6 to 7 with glucose-6-phosphate as substrate is much greater than at pH 
5 or 9, the optimal pH range of the (unspecific) acid and alkaline phospha- 
tases, respectively. These curves show that the human glucose-6-phos- 
phatase, like that of other species (3-5), has its pH optimum near 6.8; 
they also show that the activity of the specific phosphatase exceeds many 
times that of the acid or alkaline phosphatases. Curves 3, 4, and 5 were 
obtained with homogenates from 3 cases of von Gierke’s disease, the for- 
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mer two relatively mild and the latter fatal at an early age. There was 
practically no phosphatase activity at any pH value in the severe case, 
and a marked reduction in the two mild cases. 

It seemed possible that the homogenate obtained from the severe case 
contained an inhibitor, and, in order to test this, it was mixed with the 
homogenate from normal liver and incubated at different pH values with 
glucose-6-phosphate. No significant inhibition could be detected over the 
pH range 5 to 9. ‘The low activity in the severe case was apparently not 
due to a lack of cofactors, since addition of a boiled juice prepared from 
normal liver had no effect. 

Although the materials from the three autopsy cases in Fig. | were all 
frozen within the same length of time, there was the danger that a more 
rapid postmortem change in enzyme activity occurred in the case with von 
Gierke’s disease than in the control cases. It was possible, however, to 
determine phosphatase activity in a biopsy and autopsy specimen from the 
same patient (M. A. S., Table I). In both specimens, secured 12 days 
apart, the glucose-6-phosphatase activity measured at pH 6.8 was practi- 
cally absent. In Table I is recorded an experiment in which in a mixture 
with a homogenate from another liver there was no significant inhibition 
of the glucose-6-phosphatase activity. 

Table I also includes measurements on four other patients with von 
Gierke’s disease, all of them living and with relatively mild clinical symp- 
toms. In two of these the glucose-6-phosphatase activity was within the 
range found in other liver diseases or even in normal liver. In case C. H., 
Table I, the glycogen of liver and muscle was found to differ from normal 
glycogen by having very short outer chains, and it was pointed out that a 
deficiency of amylo-1 ,6-glucosidase might result in this type of structural 
abnormality (1). The liver material available for biopsy permitted only 
glucose-6-phosphatase activity to be measured, and it may be seen that the 
value obtained was below normal. 

Acid and Alkaline Phosphatases-—-In Fig. 1 it would appear as if there 
were also a deficiency in acid and alkaline phosphatases in cases of von 
Gierke’s disease. It seemed possible, however, in view of the strong activ- 
ity of glucose-6-phosphatase in normal liver, that there was some residual 
activity of this enzyme left even at pH 5 and 9. In this case the reduction 
in activity at these pH values in Curves 3, 4, and 5 could be due in part 
to the loss of specific phosphatase rather than to a decrease in acid and 
alkaline phosphatases. In order to test this point, the homogenates from 
liver shown in Curves 1, 4, and 5 (Fig. 1) were incubated for 1 hour at 
30° with 0.03 m sodium glycerophosphate (Mallinckrodt). At pH 5 the 
amounts of inorganic P liberated (in micrograms per 100 mg. of liver) were 
135, 127, and 122, respectively, while at pH 9 the values were 48, 17, and 
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39. In view of the unspecific action of these phosphatases, the amount of 
inorganic P liberated on incubation without substrate has not been de- 
ducted. At pH 5 this makes little difference, while at pH 9 the values 
(after deduction) were 39, 7, and 26, respectively. In normal liver there 
was considerably more hydrolysis of glycerophosphate in the pH range 6 to 
8 than in two cases of von Gierke’s disease. Thannhauser et al. (6) had 


TaBLeE I 
Glucose-6-Phosphatase Activity in Liver Homogenates 


The liver specimens were obtained by biopsy except as noted. The reaction 
mixture contained, in1 ml., 0.3 ml. of 0.1 m K citrate, pH 6.8, 0.5 ml. of 0.01 m K 
glucose-6-phosphate, pH 6.8, or 0.5 ml. of H2O, and 0.2 ml. of homogenate (equiva- 
lent to 4 to 33 mg. of liver). After 1 hour at 30°, 1 ml. of 10 per cent trichloroacetic 
acid was added and inorganic P determined in 1 ml. of filtrate. The values recorded 
represent the difference in inorganic P formed during incubation with and without 
glucose-6-P. 


P liberated 
Case | glucose Remarks 
liver 

K. M. 2 273 10 yrs. old; abdominal tumor 
D.S. 4 327 8 yrs. old; liver cirrhosis 
C.S. 2 429 1.5 mos. old; normal liver 
M.A. S. 2 22 Von Gierke’s disease,* Case 2 
P.S.f 4 23 
Dennis B 2 155 
C. H. 5 180 
S.S. 3 282 
D. B. 2 402 
D.S. 312 See text for explanation 
M. A. 15 
D.S.+ M.A.S. 294 


* The history of these cases is given in Table II of the preceding paper (1). 
+ Autopsy specimen. 


previously reported that the alkaline phosphatase was decreased in von 
Gierke’s disease. At any rate, Curve 5, Fig. 1, shows that the action of the 
unspecific phosphatases on glucose-6-phosphate is too weak to contribute 
significant amounts of glucose to the blood in severe cases of the disease. 

Phosphoglucomutase—This enzyme was measured in the three control 
cases in Table I and in one patient with von Gierke’s disease (M. A. S., 
biopsy sample). The reaction mixture was the same as in Table I, except 
that glucose-1-phosphate was substituted for glucose-6-phosphate and that 
the solution also contained 0.003 m cysteine and 0.01 mM MgCl, to insure 
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maximal activity of the mutase. Inorganic P and easily hydrolyzable P 
were determined before and after incubation, with and without addition of 
glucose-1-phosphate. From the values obtained could be calculated how 
much glucose-1-phosphate had been converted to glucose-6-phosphate and 
how much of the latter had been hydrolyzed to glucose and inorganic 
phosphate. 

It was found that the amount of inorganic P formed from glucose-1- 
phosphate was practically the same as that formed in a parallel experiment 
in which glucose-6-phosphate was added as substrate. This indicates that 
the phosphoglucomutase reaction was not limiting the rate of glucose-6- 
phosphatase. To give two examples, the homogenate from case C. 5., 
Table I, formed (per 100 mg. of liver per hour) 440 y of inorganic P from 
glucose-1-phosphate, as compared to 429 y from glucose-6-phosphate. In 
case M. A. S. the amount of inorganic P formed from glucose-1-phosphate 
was 18 y, similar to the value of 22 y reported in Table I with glucose-6- 
phosphate as substrate. In both cases some of the glucose-1-phosphate 
which disappeared was found as glucose-6-phosphate at the end of incuba- 
tion, but the amounts were strikingly different. In the subject with nor- 
mal phosphatase activity there were present 29 y of glucose-6-phosphate 
per ml. of reaction mixture, while in the one with deficient phosphatase 
102 y were present. The effect of concentration of glucose-6-phosphate 
on the breakdown of glycogen is discussed below. 


DISCUSSION 


The sequence of reactions, glucose — glucose-6-P =— glucose-1-P = gly- 
cogen, is obviously not disturbed in von Gierke’s disease. Glucose-6-phos- 
phate can also be formed from non-carbohydrate sources (lactic acid, gly- 
cerol, amino acids, etc.). Blood sugar formation in the liver, with lactic 
acid as an example of a non-carbohydrate source, can then be illustrated 
as follows:! 


Glycogen 
Glucose + ATP — glucose-6-phosphate = lactic acid 
| 


Glucose + phosphate 


If glucose-6-phosphatase activity were deficient, the over-all equilibria 
of these reactions would favor glycogen deposition, and both glycogen and 
non-carbohydrate sources would be unavailable for blood sugar formation. 
The main pathway by which glycogen could disappear would be through 
the chain of glycolytic reactions, glucose-6-P —> pyruvate — lactate, or 


1 Where only one arrow is shown, the equilibrium of the reaction is far to one side. 
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pyruvate — CO, + H.O. Another pathway for the disposal of glucose-6- 
phosphate would be its oxidation to 6-phosphogluconate. It would be of 
interest to investigate these enzyme reactions in von Gierke’s disease. 

In severe cases which are fatal at an early age the deficiency in glucose- 
6-phosphatase is so marked that it could be regarded as the primary cause 
of the symptoms. The mild cases, in which hepatomegaly, low fasting 
blood sugar, and abnormally high liver glycogen may persist for many 
years without causing serious clinical symptoms, are more difficult to evalu- 
ate. Some of these show a rise in blood sugar after epinephrine injection, 
while others do not. The glucose-6-phosphatase activity, except in two 
cases, was not below that found in cirrhosis of the liver, in which there is 
no accumulation of glycogen. It is impossible to estimate to what levels 
- glucose-6-phosphatase activity has to be reduced before glycogen begins 
to accumulate, because this will be relative to the rates at which glycogen 
is formed from glucose and from other sources. The disparity between 
these rates might be much greater in von Gierke’s disease of the liver than, 
for example, in cirrhosis of the liver, in which all enzymes, including hexo- 
kinase, might be expected to show decreased activity. 

It is not possible to explain abnormal storage of glycogen in skeletal 
muscle or heart muscle by a lack of glucose-6-phosphatase, since this en- 
zyme is normally absent from these tissues. Here one would have to look 
for a different enzymatic lesion, and, should the opportunity arise, it is 
suggested that the activity of amylo-1 ,6-glucosidase be measured for rea- 
sons that have been mentioned in a previous paper (1). 


This investigation was made possible by the generous cooperation of a 
number of physicians whose names have been given (1) and to whom we 
Wish again to express our appreciation. 


SUMMARY 


1. The glucose-6-phosphatase activity has been measured in liver ho- 
mogenates from six cases of von Gierke’s disease. In two fatal cases the 
enzyme was practically absent; this could not be explained by the presence 
of an inhibitor or by the lack of cofactors. The activity of the acid phos- 
phatase at pH 5 and the alkaline phosphatase at pH 9, with glycerophos- 
phate as substrate, was not appreciably diminished. Owing to the absence 
of the specific phosphatase which has its optimum at pH 6.8, it could be 
shown that the unspecific phosphatases had practically no action on glu- 
cose-6-phosphate in the physiological pH range. The phosphoglucomutase 
reaction was not rate-limiting, since glucose-6-phosphate accumulated when 
glucose-1-phosphate was added to the homogenates. 

2. In two out of four surviving cases of von Gierke’s disease with mild 
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symptoms the activity of the specific phosphatase was below the level found 
in other liver diseases. 

3. The pathogenesis of the disease is discussed in terms of a specific 
enzymatic lesion. 


BIBLIOGRAPHY 


1, Illingworth, B., and Cori, G. T., J. Biol. Chem., 199, 653 (1952). 

2. Fiske, C. H., and Subbarow, Y., J. Biol. Chem., 66, 375 (1925). 

3. Fantl, P., and Rome, N., Australian J. Exp. Biol. and Med. Sc., 23, 121 (1945). 

4. Swanson, M. A., J. Biol. Chem., 184, 647 (1950). 

5. de Duve, C., Berthet, J.,. Hers, H. G., and Dupret, L., Bull. Soc. chim. biol., 32, 
20 (1950). 

6. Thannhauser, 5. J., Sorkin, 8S. Z., and Boneoddo, N. F., J. Clin. Invest., 19, 681 
(1940). 


f i 
a 
7 


XUM 


CATALYTIC RACEMIZATION OF AMINO ACIDS BY PYRIDOXAL 
AND METAL SALTS 


By JOANNE OLIVARD, DAVID E. METZLER, ann ESMOND E. SNELL 


(From the Biochemical Institute and the Department of Chemistry, The University of 
Texas and the Clayton Foundation for Research, Austin, Texas) 


(Received for publication, June 30, 1952) 


Many of the chemical reactions undergone by pyridoxal and pyridox- 
amine resemble closely the enzymatic reactions catalyzed by vitamin 
Bs enzyme systems. ‘Thus, the reversible non-enzymatic transamination 
between pyridoxal and amino acids (1, 2) may be considered a model for 
the corresponding enzymatic transamination reactions (3). Similarly, the 
catalytic deamination of serine and of cysteine to yield pyruvate, which 
occurs when pyridoxal and metal salts are heated with these amino acids 
(4), has its counterpart in the enzymatic deamination of these amino acids, 
recently shown to be dependent upon vitamin Bg enzymes (5-7). Werle 
and Koch (8) have reported, without details, the decarboxylation of his- 
tidine to the extent of 5 to 7 per cent by heating with pyridoxal phosphate 
and to a lesser extent with pyridoxal, a reaction reminiscent of the action 
of the amino acid decarboxylases, all of which appear to be vitamin Be 
enzymes (9). 

During the last few years, p-alanine has been demonstrated to be an 
essential metabolite for lactic acid bacteria, for formation of which vita- 
min Be is required (10, 11). The réle played by vitamin Beg in its forma- 
tion became clear when an enzyme catalyzing racemization of alanine was 
separated from Streptococcus faecalis and shown to require pyridoxal phos- 
phate as its coenzyme (12). Enzymatic racemization may be of more 
general importance, since evidence for a second racemase, acting upon 
glutamic acid, which also requires pyridoxal phosphate, has recently been 
reported (13, 14). 

This study was undertaken to determine whether this enzymatic func- 
tion of vitamin Be, like those considered earlier, could also be duplicated 
in non-enzymatic systems. 


EXPERIMENTAL 


Chemicals and Reagents—The t-amino acids were obtained from the 
Nutritional Biochemicals Corporation. By analysis by the p-amino acid 
oxidase procedure (below), L-alanine contained 0.4 per cent D-isomer, L- 
methionine 0.3 per cent, L-phenylalanine 4.8 per cent, L-isoleucine 2.0 
per cent, and L-valine 0.5 per cent. Other chemicals and reagents are 
described elsewhere (2). 
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Preparation of p-Amino Acid Oxidase—This enzyme was prepared from 
pig kidney cortex by the procedure of Negelein and Brémel through Step 
1 (15). The (NH4)SO, precipitate was dissolved by addition of 1 ml. 
of M/15 pyrophosphate buffer, pH 8.3, per gm. of the original acetone-dried 
kidney. The solution was stable when stored in the deep freeze for 4 
months. 

Procedure—1 to 2 ml. aliquots of buffered reaction mixtures, 0.01 in 
pyridoxal and amino acid, were sealed in 8 mm. soft glass tubes, then 
heated in a boiling water bath for 10 minutes. They were then chilled 
rapidly, opened, and a 1 ml. aliquot diluted to 10 ml. in a volumetric 
flask containing sufficient HCI] or NaOH to bring the pH to 8. Appro- 
priate aliquots were taken for the determination of keto acids and p-amino 
acids. 

Analytical Methods—Transamination between pyridoxal and amino acids 
occurs under the conditions used here. The extent of this reaction (col- 
umn A, Table I) was determined by measuring the keto acid present in 
the untreated reaction mixture, as described previously (2). With the 
toluene extraction method (2), a constant 


micromoles keto acid per tube 


absorbancy 
of 1.0 was obtained for the keto acid analogue of methionine; other con- 
stants have been reported (2). With the exception of phenylpyruvie acid, 
each of the keto acids examined was stable under the reaction conditions. 
p-Amino acids were determined by oxidizing them to the corresponding 
a-keto acids by incubation with p-amino acid oxidase, followed by analy- 
sis for keto acids. The total keto acid thus obtained (column B, Table 
I) is the sum of that formed by transamination and that formed by oxida- 
tion of the p-amino acid. The p-amino acid content of the reaction mix- 
ture (column C, Table I) is equal to the difference between these two 
figures (column B — A, Table I), corrected for the small values found in 
the unheated controls. The procedure was as follows: For the determina- 
tion of D-alanine and p-methionine, 2.0 ml. of diluted reaction mixture, 0.3 
ml. of the p-amino acid oxidase preparation, and 0.2 ml. of 0.1 M pyro- 
phosphate buffer, pH 8.3, were incubated in a 15 ml. centrifuge tube at 
37° for 35 minutes. For the determination of p-phenylalanine, p-valine, 
and p-isoleucine, 0.5 ml. of the enzyme preparation, no additional buffer, 
and incubation for 1 hour were used. Under these conditions theoretical 
keto acid production from the pL-amino acids was obtained. Following 
incubation with p-amino acid oxidase, 1.5 ml. of 20 per cent trichloroacetic 
acid were added and the precipitate centrifuged. A 3 ml. aliquot was 
transferred to a second tube, 1 ml. of NaOH standardized to neutralize 
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trichloroacetic acid and buffer was added, and an aliquot removed for the 
keto acid analysis (2). 

Similarly diluted aliquots of the unheated reaction mixture were simul- 
taneously carried through the analytical procedures to serve as controls 
for (a) the p-amino acid initially present in the reactants, (b) any transami- 
nation and racemization occurring in the diluted mixtures during incuba- 
tion with the enzyme, and (c) any color introduced by the enzyme prepara- 
tion. The small correction thus obtained was subtracted from the value 
found for the heated sample. 


TABLE | 
Racemization of u-Alanine at 100° by Heating with Pyridoral 


Keto acidt produced p-Alaninet formed 


Reaction mixture* Time of heating vm ne 
Cc 
min. 
Complete 0 0.12 0.16 0.04 
10 0.35 1.52 1.17 1.13 
Pyridoxal omitted i) 0.04 0.12 0.08 
10 0.09 0.20 0.11 0.03 


* L-Alanine, 0.01 mM: pyridoxal, 0.01 mM; alum, 0.001 mM: borate buffer, pH 10, 0.02 


M. Heated at 100°. 

t The figures represent millimoles per liter of pyruvate due to (A) transamination, 
(B) total pyruvate following incubation with p-amino acid oxidase, and (C) (B — A, 
heated) — (B — A, unheated control), equivalent to p-alanine produced by racemi- 
zation (see the text). 


Results 


The results of heating L-alanine or a mixture of L-alanine and pyridoxal 
with alum at pH 10 are given in Table I. Extensive racemization of the 
amino acid occurs in the presence, but not in the absence, of pyridoxal. 
If pyridoxine or pyridoxamine is substituted for pyridoxal, no transami- 
nation or racemization occurs. 

The racemization of L-alanine is catalyzed by iron, copper, and alumi- 
num salts (Table 11). These are the same metal salts that catalyze trans- 
amination between glutamic acid and pyridoxal (2) and the deamination 
of serine (4). 

Non-enzymatic transamination is a reversible reaction, and consequently 
some p-alanine would appear as a result of transamination. ‘To deter- 
mine whether racemization was due solely to a reversal of transamina- 
tion, the rate of the two reactions was compared between pH 3 and 11. 
The results (Fig. 1) show that the two reactions have entirely distinct 
pH optima, that for racemization being at about pH 9.5. The maximum 
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rates of transamination in alum-catalyzed mixtures occur at pH 8.5 and 
4.5, with a minimum rate at pH 6. This minimum occurs at the same 
pH as does the precipitation of hydrous aluminum oxide and is probably 
the result of the decrease in the catalytic metal ion concentration. With 
copper as the catalytic metal, the maximum rate of transamination ex- 


Il 
Catalysis of Racemization of t-Alanine by Metal Salts and Pyridoral 


p-Alanine formed in 10 min, at 100°t 


Substance added* 
| With pyridoxal No pyridoxa! 
mM per l. mM per i. 
Ethylenediaminetetraacetic acid............ 0.56 


* The reaction mixture was 0.01 Mm in L-alanine, and 0.02 m in borate buffer, pH 
9.6 to 9.8. Ethylenediaminetetraacetic acid or metal salts (0.001 mM) and pyridoxal 
(0.01 mM) were added as indicated. 

¢t Caleulated as in Table I. 


4 
a 
° 
\ 
ob 
\/ 
4 PA wv — 
os— I i l 
3 4 5 6 7 8 9 10 1 
pH AT 25° 


Fiac. 1. The effect of pH on the copper- or aluminum-catalyzed transamination 
and racemization of amino acids by pyridoxal. The reaction mixtures contained 
0.01 m L-alanine, 0.01 m pyridoxal, 0.001 m AINH,(SO,)2 or CuSQ,, and buffers as 
follows: pH 3.2, 0.05 m phthalate; pH 4 to 5, 0.1 m acetate; pH 5.9 to 8, 0.1 m phos- 
phate; pH 8.9 to 11, 0.02 m borate. Reaction time, 10 minutes at 100°. O, transam- 
ination; A, racemization; solid line, alum; dash line, copper. 
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tends from pH 4 to 7. The lack of correspondence in pH optima of the 
two reactions demonstrates conclusively that racemization occurs by a 
mechanism that does not involve transamination. p-Alanine formation 
by the latter mechanism is relatively unimportant in these reaction mix- 
tures, which were heated an insufficient length of time to permit an ap- 
proach to equilibrium. 

Results of studies with other amino acids at pH 5 and 9.6 are given in 
Table III. Racemization is the major reaction at pH 9.6; transamination 
predominates at pH 5. If pyridoxal is omitted, less than 0.07 mm per 
liter of p-amino acid is formed under these conditions. Of the amino 


TABLE III 


Racemization versus Transamination of Several Amino Acids by Pyridoral and 
Metal Salts 


| Products formed in 10 min. at 100° 


Amino acid* Keto acidt p-Amino acid | Keto acidt p-Amino acid 
pH 9.6 pH 5.0 
mM perl mM per 
t-Phenylalanine............... 0.70 3.28 1.95 0.24 
0.30 0.68 0.50 0.03 
0.12 0.17 0.15 0.08 


* The reaction mixture contained 0.01 M amino acid, 0.01 m pyridoxal, 0.001 m 
FeNH,(SO,)2, and either 0.1 mM acetate buffer, pH 5.0, or 0.02 m borate buffer, pH 
9.6. 

t Formed by transamination. 


acids studied, L-phenylalanine and L-methionine transaminate most rap- 
idly, and also racemize most rapidly; L-isoleucine and L-valine racemize 
and transaminate slowly. 


DISCUSSION 


No evidence for the participation of pyruvate in enzymatic racemiza- 
tion of alanine could be obtained (12). Our results show that racemiza- 
tion in these non-enzymatic systems can also occur by a mechanism not 
involving transamination. None the less, the facts that the metal ions 
most effective as catalysts in non-enzymatic transamination (2) and in 
serine deamination (4) were also the most effective in catalyzing the race- 
mization of Lt-alanine point to a common step in the three reactions. 
This supposition is further supported by the finding that substitution of 
the amino acid has a similar effect on rates of transamination and racemi- 
zation. It seems reasonable to suppose that the formation of a Schiff 
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base intermediate between the amino acid and pyridoxal, stabilzed by a 
metal ion as previously postulated for serine deamination (4), constitutes 
this common feature in the mechanism of the three reactions. A revers- 
ible tautomeric shift of the a-hydrogen and double bond, followed by hy- 
drolysis could result in racemization. A second mechanism could be the 
ionization of the a-hydrogen, racemization of the anion, and recombina- 
tion with the proton. An anion formed from serine or cysteine by this 
mechanism might be expected to undergo elimination of the 6-substituent 
to give the Schiff base of aminoacrylic acid with pyridoxal which has been 
suggested as an intermediate in the deamination of serine and cysteine (4). 

The catalysis of amino acid racemization by pyridoxal is another ey- 
ample of the similarity between the chemical reactions of pyridoxal and 
the reactions catalyzed by vitamin Bg enzymes. 


SUMMARY 


Pyridoxal together with copper, iron, or aluminum salts catalyzes the 
racemization of alanine at 100°. The optimum pH for racemization is 
between 9 and 10; that for transamination from pH 4 to 8; the two re- 
actions thus occur by distinct mechanisms. 

Each of the amino acids tested underwent racemization to some extent. 
In the approximate order of reactivity they were phenylalanine = methi- 
onine = alanine > valine > isoleucine. Substitution of the amino acid 
affects the rates of transamination and racemization in a similar way. 
This, together with the common effect of copper, iron, and aluminum 
salts on the reactions, suggests the presence of a common step in the 
racemization, transamination, or deamination of amino acids by pyridoxal. 
Formation of a metal ion-stabilized Schiff base as this common inter- 


mediate is suggested. 
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Since the introduction by Warburg (1) in 1923 of a procedure for deter- 
mination of tissue respiration in which the oxygen consumption is measured 
manometrically by the reduction in volume of a gas phase in contact with 
the tissue suspension, most investigations on tissue respiration have been 
performed with this technique. Methods have further been devised (2, 3) 
for manometric estimation of the carbon dioxide production by the tissue 
and for measurement of lactic acid formation under anaerobic conditions. 

During the course of investigations on the metabolism of avascularized 
tissues we became impressed by the technical difficulties associated with 
the performance of studies in vitro on slowly respiring tissues with the 
Warburg technique. ‘These difficulties are caused chiefly by the tempera- 
ture sensitivity of the ordinary Warburg apparatus, which is conditioned 
by the fact that only the flasks are submersed in the constant temperature 
water bath, whereas the manometers are in contact with air of a different 
temperature. It was noted that even slight temperature changes in the 
laboratory would cause changes in the readings which were rather large 
compared with the excursions produced by the tissue respiration. Another 
disadvantage of the Warburg apparatus is that sterility of the samples is 
dificult to maintain. Hence a new technique for the study of the respira- 
tion of tissue homogenates was developed. This procedure, which is also 
applicable to investigations on bacterial cultures and cell suspensions, is 
described in the present communication. 

In the present method the tissue suspension is not in contact with a gas 
phase, but the homogenate is contained in a closed glass syringe, and the 
rate of respiration is determined by measuring the changes in the oxygen 
content (physically dissolved and in the form of oxyhemoglobin) and in the 
total carbon dioxide content of the homogenate. These determinations are 
performed by transferring samples at various intervals from the syringe to 
a Van Slyke apparatus and carrying through analyses for carbon dioxide 
and oxygen (and dissolved nitrogen) in the same way as in the Van Slyke 

* A preliminary report on the procedure and demonstration of the technique was 


given at the Forty-second annual meeting of the American Society of Biological 
Chemists, Cleveland, April 29 to May 3, 1951. 
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and Neill (3) blood gas analysis. ‘The principle of measuring changes in 
dissolved carbon dioxide and oxygen has been utilized by earlier writers, 
using chiefly titrimetric methods (4-17). 


Procedure 


‘Two different procedures for transferring the samples from the syringe to 
the extraction chamber of the Van Slyke apparatus have been developed. 
Procedure A, which utilizes the side arm of the chamber stop-cock for the 
introduction of the sample, has been designed for use with ordinary tissue 
homogenates which may contain small shreds of connective tissue. In 
Procedure B the sample is introduced through the cup of the Van Slyke 
chamber; because of its simplicity this method of transfer is the technique 
of choice for use with bacterial cultures and cell suspensions. 

A pparatus— 

Glass syringes of 50 ml. or 100 ml. capacity.! 

A Van Slyke apparatus with extraction chamber provided with calibra- 
tion marks at 0.5, 2.0, 10.0, and 50.0 ml. volumes. 

Saddle chips, made of glass. (In Procedure A these may be replaced by 
ordinary glass beads. ) 

Sterilizable plastic surgical drape.” 

The connecting parts of the syringe are described in relation to the outline 
of the individual procedures. 

Procedure A (Fig. 1)—The syringe is provided with a standard metal 
adapter to which is attached a 3-way metal stop-cock (female Luer, male 
Luer, side arm female Luer). ‘The female side arm fits the ground tip of a 
piece of glass tubing, which has a capillary lumen and is bent at an angle 
of about 105°. The other end of the glass tubing is attached firmly with 
rubber tubing to the side arm of the chamber stop-cock. A metal hanger 
attached to the Van Slyke apparatus is used for holding the syringe in 
position during the transfer of samples. 

Procedure B (Fig. 2)—The syringe is provided with a standard metal 
adapter, to which is attached a 1-way metal stop-cock (female Luer, male 
Luer). For transfer of a sample to the extraction chamber a gauge No. 15 
needle, 23 inches long, is attached to the free, male end of the metal stop- 
cock. The point of the needle is cut off at a right angle and is provided 
with a standard rubber tip of the kind used for introduction of samples into 
the chamber from Van Slyke-Ostwald pipettes. 

Reagents— 

1 Glass precision syringes manufactured by the A. 8S. Aloe Company, St. Louis, 
Missouri, were used. 


2 Scotch brand surgical drapes made by the Minnesota Mining and Manufacturing 
Company, St. Paul, were found satisfactory. 
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Acid ferricyanide reagent. (a) 8 gm. of saponin and 32 gm. of potassium 
ferricyanide are diluted with water to 1 liter. (b) 0.5 to 2.0 N lactic acid 
solution. ‘The concentration of lactic acid used depends on the size of the 
homogenate sample and its buffer effect. Equal volumes of (a) and (b) 
are mixed in a glass-stoppered measuring cylinder and about 0.1 ml. of 
octyl alcohol is added for each 10 ml. of the mixed reagent. The reagent is 
shaken immediately before use to insure suspension of the octyl] alcohol. 
The mixed reagent darkens on standing; it may be used through 2 working 
days. 

5 n sodium hydroxide. 


Fic. 1. Procedure A, method of transfer of sample from syringe to extraction 
chamber. 


20 per cent sodium hydrosulfite reagent. The reagent is prepared in the 
following way. 2.5 gm. of sodium hydrosulfite and 0.25 gm. of sodium 
anthraquinone-6-sulfonate are placed in a 25 ml. glass-stoppered measuring 
cylinder; 12.5 ml. of 4 N potassium hydroxide solution are added; the 
stopper is inserted and the cylinder shaken to bring the pulverized reagents 
into solution. A 3 mm. layer of mineral oil is then placed on top of the 
solution. The reagent may be used through 2 working days. 

Approximately 1 N lactic acid. 


Preparation of Tissue Homogenates 


All instruments, glassware, and reagents used in the preparation of 
homogenates are sterilized by autoclaving before use. 

The tissue homogenates are prepared under sterile conditions either with 
a Pyrex grinder or a Latapie mill and a suitable dilution prepared (see the 


| 
XUM 


678 DETERMINATION OF TISSUE RESPIRATION 


example in Experiment 29). It is advisable to heat the medium to 37° 
before mixing with the homogenate. If it is desired to raise the oxygen 


content of the medium prior to the start of the experiment, the homoge- 
nate is placed in a sterile beaker and oxygen is bubbled through it. The f 
authors used as a dispersion tube a Pyrex gas washing tube, No. 12-EC, ' 
with a fritted filter cylinder 12 mm. in diameter. The oxygen entered the 
| | 
f 
e 
t 
I 
\ 
I 
Fic. 2. Procedure B, method of transfer of sample from syringe to extraction t 
chamber. 
tube after it had been filtered through sterile cotton. When 3 liters of 
oxygen were passed through this tube, in 1 minute the oxygen content of 
a 60 ml. water sample in a 150 ml. beaker was raised to about 2 volumes c 
per cent. f 
The homogenate is finally transferred to the sterile glass syringe, con- 
taining five to ten sterile glass saddle chips. The syringe is covered with I 
sterile plastic surgical drape tied with a string to the handle of the plunger. ‘ 
Any gas bubbles are ejected, the stop-cock is closed, and the syringe placed ‘ 
in an air thermostat at the desired temperature. ‘ 


s 
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If nearly complete saturation of the homogenate with oxygen is carried 
out at room temperature, free gas may be given off in the syringe when 
the temperature of the medium rises to 37°. Since bubbles are ejected 
from the syringe before the first analysis, such liberation of oxygen will 
not constitute any error. 


Analytical Technique 


Choice of Sample Size—Samples of homogenate which vary in volume 
from 1 to 9 ml. may be used. The choice of sample size depends on the 
expected intensity of respiration of the tissue preparation. For measure- 
ment of the respiration of dilute homogenates of tissues with a high metab- 
olism (liver, myocardium) a 5 ml. sample of homogenate will usually be 
suitable. In investigations on tissue preparations having a low rate of 
oxygen consumption the use of a 9 ml. sample is preferred for maximum 
accuracy. Except for the different volumes of ferricyanide reagent used, 
the analytical technique is the same for homogenate samples of various 
sizes. It is advisable before each experiment to check the ferricyanide 
reagent against the homogenate by mixing the volumes of homogenate and 
reagent to be used in a test-tube and verifying the acid reaction of the 
mixture. 

The technique will be described below for the use of 5 ml. of homog- 
enate. 

Evacuation of Ferricyanide Reagent—The acid ferricyanide reagent is 
shaken in the measuring cylinder to bring the octyl alcohol into suspension. 
Exactly 5 ml. of the reagent are pipetted into the cup of the Van Slyke 
chamber and are subsequently admitted quantitatively to the chamber. 
The mercury is lowered to the 50 ml. mark and the chamber shaken for 
1} minutes, after which the extracted gas is ejected from the chamber 
without loss of fluid. The evacuation is repeated for 1 minute and the 
minute gas bubble ejected. After sealing the capillary bore with mercury 
the chamber contains exactly 5 ml. of solution. 


Transfer of 5 Ml. Homogenate Sample from Syringe to Extraction Chamber 
of Van Slyke Apparatus 


Procedure A—The connecting tube is attached to the side arm of the 
chamber stop-cock and the air in the tube displaced by mercury forced 
from the bore of the side arm into the tube. 

The syringe is removed from the thermostat and the metal stop-cock 
passed briefly through an alcohol or gas flame. The contents of the syringe 
are mixed by shaking and about 0.5 ml. of homogenate ejected through the 
side arm of the stop-cock, leaving the arm filled with homogenate. The 
stop-cock is closed, the syringe placed in the hanger on the Van Slyke 


i 


680 DETERMINATION OF TISSUE RESPIRATION 


apparatus, and the Luer ground tip of the connecting tube inserted firmly 
into the opening of the side arm of the stop-cock. After the attachment 
has been completed, the stop-cock leading to the mercury leveling bulb is 
opened to provide a negative pressure in the extraction chamber and is 
again closed. The chamber stop-cock and the syringe stop-cock are then 
opened and the homogenate admitted slowly to the chamber by regulating 
the inflow with the stop-cock leading to the leveling bulb. It is usually 
unnecessary to handle the plunger of the syringe during the inflow of the 
sample, the plunger moving by itself during the introduction of the solution, 

The inflow is stopped when the water meniscus in the chamber is at a 
level 1 or 2 mm. above the 10 ml]. mark so that when the solution in the 
bore of the cock and the side arm is added the volume in the chamber will 
be exactly 10 ml. The cock of the chamber is closed, and the syringe and 
connecting tube disconnected from the side arm. The free end of the side 
arm is then immersed in mercury contained in a small wide mouthed 
cylinder, after which the chamber stop-cock is turned so that the solution 
in the side arm, followed by mercury from the container, flows into the 
chamber. 

The height above the 10 ml. mark, at which the first inflow is stopped, 
is ascertained as follows: The chamber and capillary leading to the cup are 
filled with mercury, but the capillary of the side arm, and the cock bore 
leading to it, are left empty. The chamber is filled to the 10 ml. mark with 
water delivered from the cup, the inflow being regulated by the cock leading 
to the mercury leveling bulb. The cock of the chamber is then turned so 
that the chamber is connected with the side arm, and enough water is run 
into the latter to fill its bore. The meniscus in the chamber is then at the 
level, 1 or 2 mm. above the 10 ml. mark, to which the solution must be run 
in during the first addition from the syringe. 

The time of transfer is recorded within 1 minute. The metal stop-cock 
of the syringe is heated briefly in a flame and the syringe quickly returned 
to the thermostat. 

Procedure B—The syringe is removed from the thermostat and the metal 
stop-cock passed briefly through a flame. The contents are mixed by 
shaking, and a sterile gauge No. 15 needle provided with a rubber tip 
attached to the free, male end of the stop-cock. A small amount of fluid 
is ejected through the needle, after which the metal stop-cock is again 
closed. About 1 ml. of mercury is placed in the cup of the Van Slyke 
chamber. The rubber tip of the needle is then pressed firmly against the 
bottom of the cup, the syringe and the needle being held in a vertical posi- 
tion. The stop-cock leading to the mercury leveling bulb is opened to 
provide a negative pressure in the chamber and is again closed. The metal 
stop-cock and the chamber stop-cock are then opened and the sample 
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admitted slowly to the chamber by regulating the inflow with the stop-cock 
leading to the leveling bulb. The precise measurement of the sample is 
accomplished by means of the 10 ml. calibration mark of the chamber, the 
capacity of the right capillary bore being taken into consideration. After 
the introduction of the sample the chamber stop-cock and the syringe 
stop-cock are closed and the bore of the chamber stop-cock sealed with 
mercury. A new sterile needle is used for each transfer. 

Determination of Carbon Dioxide—The mercury in the chamber is lowered 
to the 50 ml. mark and the chamber shaken for 23 minutes, after which 
the p; reading is taken, usually at the 0.5 ml. mark. The mercury is again 
lowered to the 50 ml. mark, the shaking repeated for 2 minutes, and the 
meniscus again brought to the 0.5 ml. mark. The two readings should 
check within 1 mm. 0.5 ml. of 5 nN sodium hydroxide is then pipetted into 
the cup and quantitatively admitted to the chamber. After a period of 1 
minute the pe reading at the 0.5 ml. mark is recorded. 

Determination of Oxygen—0.5 ml. of the sodium hydrosulfite reagent is 
measured into the cup of the chamber and admitted slowly to the chamber 
over a period of 14 minutes, as described by Van Slyke and Neill (3). To 
hasten the absorption of oxygen the surface of the solution in the chamber 
after } minute is lowered briefly to a level about midway between the 0.5 
and 2.0 ml. marks and is then allowed to rise to the top of the chamber. 
After the absorption of oxygen is completed, the ps; reading is taken at the 
0.5 ml. mark. 

Determination of Dissolved Nitrogen—The gas is ejected from the chamber 
without loss of fluid and the p, reading taken at the 0.5 ml. mark. 

Cleaning of Chamber—After each analysis the solution in the chamber is 
removed by suction and the chamber washed once with dilute lactic acid 
and once with water. About 6 ml. of distilled water and 2 ml. of 1 N lactic 
acid are used for the first washing, and 6 to 8 ml. of distilled water for the 
second washing. After the second portion of wash water has been drawn 
off, a period of § minute is allowed to elapse for the film of water adhering 
to the inside of the chamber to collect on top of the mercury under the 
chamber stop-cock; the water is then removed by suction. Its presence 
in the chamber would interfere with the exact measuring of the homogenate 
sample in the subsequent analysis. 

The performance of one analysis, including the washing of the chamber, 
requires 18 to 20 minutes. 


Calculation 


= Pi — P2 — CCO2; Vol. % = Poo, X fCO: 
PO, = P2 — Ps — Vol. % Ox = Po, XK fOr 
Py. = ps — Ps — CN2; VOl. % Nz = Pny X fN2 
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The factors foo, fo,, aud fx, calculated from the equations given by 
Peters and Van Slyke (18) are listed in Table I. 

The c corrections were determined by carrying through the analysis on 
slightly acidified distilled water, made gas-free by repeated evacuation in 
the Van Slyke apparatus and stored over air-free mercury in a Hempel 


TABLE | 
Factors by Which Mm. of Pco., Pog, or Png Are Multiplied to Give Volumes Per Cent 
of Carbon Dioxide, Oxygen, and Dissolved Nitrogen of Homogenates 
S = 10.0 ml. 


Vol. per cent CO: Vol. per cent O2 Vol. per cent Neg 


Tem- . 
Sample 5.0 ml. | Sample 9.0 ml. 
a=20 a=05 | @=05  o=05 | 
| 
15 0.01638 0.06423 0.00909 0.00357 0.01255 0.00697 0.01249 0.00693 
16 0.01622 | 0.06360 | 0.00900 0.00353 0.01251 0.00694 0.01245 | 0.00691 
17 | 0.01606 | 0.06297 | 0.00891 | 0.00350 0.01246 | 0.00692 | 0.01241 | 0.00689 
18 0.01592 | 0.06242 | 0.00884 | 0.00346 | 0.01242 0.00689 0.01236 | 0.00686 
19 | 0.01580 | 0.06195 0.00877 | 0.00344 0.01237 | 0.00687 0.01232 0.00684 
20 | 0.01567 0.06144 0.00870 0.00341 | 0.01232 0.00684 , 0.01227 0.00681 
21 0.01553 0.06089 0.00862 0.00338 0.01227 0.00681 0.01223 0.00679 
22 | 0.01540 | 0.06042 0.00855 0.00335 0.01223 | 0.00679 | 0.01219 0.00677 
23 | 0.01528 | 0.05995 | 0.00848 0.00333 0.01219 0.00677 0.01214 0.00674 
24 | 0.01515 | 0.05940 | 0.00841 | 0.00330 0.01215 0.00674 0.01210 0.00672 
25 | 0.01503 | 0.05893 | 0.00834 | 0.00327 | 0.01210 | 0.00672 0.01206 0.00669 
26 | 0.01492 | 0.05850 0.00828 0.00325 | 0.01206 0.00669 | 0.01202 0.00667 
27 | 0.01481 | 0.05807 | 0.00822 | 0.00322 0.01201 | 0.00667 | 0.01197 0.00664 
28 | 0.01471 | 0.05768 | 0.00816 | 0.00320 0.01197 | 0.00664 | 0.01193 | 0.00662 
29 | 0.01461 | 0.05729 | 0.00811 | 0.00318 0.01192 0.00662 | 0.01189 | 0.00660 
30 | 0.01450 | 0.05693 | 0.00805 | 0.00316 | 0.01188 | 0.00659 | 0.01185 0.00658 
31 | 0.01440 | 0.05654 | 0.00799 | 0.00314 0.01184 | 0.00657 | 0.01181 0.00656 
32 | 0.01431 | 0.05611 0.00794 0.00311 0.01180 | 0.00655 | 0.01176 | 0.00653 
33 | 0.01422 | 0.05576 | 0.00789 | 0.00309 | 0.01176 | 0.00653 | 0.01172 | 0.00651 
34 | 0.01413 | 0.05540 0.00784 | 0.00307 0.01172 | 0.00651 | 0.01168 | 0.00648 


pipette. With the reagents of our laboratory and the use of 5 ml. of 
ferricyanide reagent the c corrections, with the readings performed at the 
0.5 ml. mark, were 7.0, 2.0, and 4.6 mm. for carbon dioxide, oxygen, and 
nitrogen respectively. 


Reoxidation of Homogenate 


If additional determinations of the oxygen consumption of a homogenate 
are desired after the oxygen of the medium has been used up, the homog- 
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enate may be reoxidized, either by drawing pure oxygen, filtered through 
sterile cotton into the syringe and shaking the contents, or by ejecting the 
homogenate into a sterile beaker, bubbling oxygen through it, and returning 
it to the syringe. 


Determination of Non-Gaseous Metabolites 


The method permits the withdrawal of samples from the syringe at any 
time during an experiment for determination of non-gaseous metabolites, 
for instance, lactic acid and pyruvic acid. 


Addition of Reagents to Content of Syringe 


The addition of reagents to the content of the syringe during an experi- 
ment can be carried out most conveniently if the syringe is provided with 
a 3-way metal stop-cock. The reagent to be introduced is drawn into a 
slender, small sterile syringe, the tip of which is then inserted into the 
female outlet of the syringe stop-cock. 


Control of Sterility 


The maintenance of sterile conditions during the experiments was checked 
by making plate cultures from the opening of the syringe stop-cock on 
aerobic and anaerobic media in connection with the transfer of samples to 
thechamber. In the majority of the tests no growth on the media resulted, 
but in some instances contamination occurred in spite of rigid control of 
asepsis, a fact which suggests that the bacteria occasionally were present 
in the tissues before the homogenates were prepared. 


Determination of Dissolved Nitrogen 


Although the determination of dissolved nitrogen in the manometric 
analysis of the homogenates is unnecessary for the measurement of the 
tissue respiration, the routine inclusion of this final step in the analysis. 
represents a distinct advantage. Thus the finding of constant nitrogen 
values throughout the experiment indicates reliability of the analytical 
technique. In the presence of bacterial contamination of the syringe con- 
tent the gas fraction designated as ‘‘dissolved nitrogen” occasionally 
showed a steady increase, which probably represents nitrogen, hydrogen, or 
methane gas produced by the bacteria. 


Agitation of Homogenate Sample during Experiment 


In the experiments presented below the content of the syringe was stirred 
only in connection with the withdrawal of samples for analysis. The linear 
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decline observed in the oxygen content of the homogenate seems to indicate 
that constant agitation of the syringe is not necessary. To clarify this 
point experiments were conducted with a homogenate of rat myocardium, 
in which the syringe was alternately rotated and not rotated for periods of 
45 minutes. The rotation of the syringe along its axis was provided by 
an electric motor placed in the thermostat. No significant difference in 
oxygen consumption by the homogenate was noted in the various periods, 
Although it thus seems likely that rotation of the syringe is unnecessary 
in studies on tissue homogenates, this fact should be established by each 
investigator for the conditions of his experiments. 


Addition of Hemoglobin to Medium for Purpose of Increasing Oxygen 
Content of Homogenate 


Since the addition of hemoglobin to the homogenate makes it possible 
to conduct experiments over longer periods, tissue experiments were carried 
out in which 0.2 volume of a 6 per cent sterile hemoglobin solution, pre- 
pared according to.Hamilton, Farr, Hiller, and Van Slyke (19), was added 
to a homogenate prepared from rat myocardium. Such addition caused 
no change in the respiratory intensity of the homogenate. 

The possibility of methemoglobin formation in the medium during pro- 
longed maintenance of the hemoglobin solution at 37° constitutes a poten- 
tial error, however, since oxygen in the medium bound as methemoglobin 
will not be liberated under the conditions of the analysis. Such decrease 
in determinable oxygen, may, therefore, erroneously be interpreted as oxy- 
gen consumption by the tissue homogenate. 

In the investigations by Hamilton, Farr, Hiller, and Van Slyke an appre- 
ciable formation of methemoglobin was observed when the sterile hemo- 
globin solutions were maintained for several days at 37°. Similarly, we 
noted the formation of methemoglobin in hemoglobin solutions left in the 
syringe at 37° overnight, whereas no measurable decrease in active hemo- 
globin was found in experiments extending over only 1 hour. 

Because of the possibility of methemoglobin formation the routine use 
of hemoglobin addition to the medium cannot be recommended. 


Application of Procedure to Bacterial Cultures and Cell Suspensions 


The present procedure seems to be well suited to precise determination 
of bacterial metabolism and metabolism of cell suspensions. Thus in those 
experiments in which bacterial contamination occurred the oxygen con- 
sumption and carbon dioxide development were easily determined. The 
application of the method to a suspension of yeast cells is demonstrated in 
one of the recorded protocols (Experiment 55). 
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Comparison of Qo, Values Obtained with Present Method and with 
Warburg Procedure 


In parallel experiments performed with the present procedure and with 
the Warburg method on homogenates of rapidly respiring tissues the differ- 
ence in Qo, did not exceed 15 per cent. 


TaBLeE II 


Analytical Readings and Calculated Carbon Dioxide, Oxygen, and Dissolved Nitrogen 


Values Observed in Experiment 29 
Sample of homogenate, 5.0 ml.;a = 0.5; S = 10.0 ml. 


0 545.0 381.8 190.2 176.8 23.0 2.39 2.31 0.14 
22 534.0 368 . 4 191.0 177.5 23.4 2.42 2.14 0.14 
44 516.8 352.1 191.2 178.0 23.7 2.40 1.94 0.14 
70 495.8 331.8 191.0 178.0 23.9 2.38 1.69 | 0.13 

112 470.3 305.0 192.0 178.0 24.0 2.39 1.35 | 0.15 

TaBLe III 


Analytical Readings and Calculated Carbon Dioxide, Oxygen, and Dissolved Nitrogen 
Values Observed in Control Experiment 


Sample of buffer solution, 5.0 ml.; a = 0.5; S = 10.0 ml. 


Time pi pr p3 ps t CO: Oz N2 
min. mm. mn. mm. mm — 
0 341.8 262.8 235.0 180.0 23.8 1.08 0.31 0.64 
1110 333.5 260 .0 233.2 179.5 24.0 1.01 0.30 0.62 
EXPERIMENTAL 


The protocols from a few experiments indicate the nature of the results 


obtained. 


Experiment 29—Rat liver homogenate, prepared with Pyrex grinder, was 
Sterile conditions were maintained throughout the 


aerated with oxygen. 


experiment, as controlled by bacterial cultures; temperature 37°. 


Nitro- 


gen per ml. of homogenate, as determined by Kjeldahl analysis, 0.08 mg. 
The solution used for the preparation of the homogenate contained, per 
60 ml., 0.1 m PO, pH 7.4 with NaOH, 20 ml.; 0.5 m sodium succinate, pH 
7.4,6 ml.; 4 * 10-* om calcium chloride, 6 ml.; distilled water, 28 ml. 
The results of the experiment are shown in Table II and demonstrate a 
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nearly linear decrease of the oxygen content of the homogenate. Carbon 
dioxide and nitrogen values remain constant. 

A control experiment with succinate-phosphate buffer solution was con. 
ducted over a period of 183 hours. ‘The solution was not aerated with 
oxygen; no tissue was added; temperature 37°. The experiment (Table 
III) shows that carbon dioxide, oxygen, and nitrogen values remain prac- 
tically constant during the 183 hour experiment. 

vxperiment 55—This experiment was carried out on a suspension of 
veast in Ringer-saccharose medium. ‘The suspension was aerated with 
oxygen before experiment; temperature 21°. The results in Table IV show 
oxygen consumption and development of carbon dioxide by the yeast cell 


TABLE IV 


Analytical Readings and Calculated Carbon Dioxide, Oxygen, and Dissolved Nitrogen 
Values Observed in Experiment 55 


Sample of suspension, 5.0 ml.; a as in table; S = 10.0. 


Time | a pi | pr ps ps | t | CO O2 N: 
min. mm. mm. mm. mm. | °C. g 
| 0.5 | 301.0 347.8 209.1 179.4 21.6 0.56 | 1.68 0.34 
30 549.5 286.9 209.5 179.0 | 21.6 3.80 | 0.93 | 0.35 
540.5 622.5 245.1 207.5 180.3 | 21.6 5.74 | 0.44 | 0.31 
4 | 213.2 | 207.6 | 182.2 | 22.0 | | | 


| 7.83 | 0.04 0.32 


suspension. The considerable production of carbon dioxide makes reading 
at 2.0 ml. volume necessary in the last analysis of the experiment. 


DISCUSSION 


The main advantages of the procedure described over the usual Warburg 
technique may be summarized as follows: 

1. With the use of a 5 ml. homogenate sample the excursion on the man- 
ometer of the Van Slyke apparatus for a certain gas volume, when the 
reading is made at the 0.5 ml. mark, is about 3.3 times greater than the 
excursion produced by the same gas volume on the manometer of the War- 
burg apparatus (with the conventional flasks and fluid volumes of that 
method). When a 9 ml. homogenate sample is used, the sensitivity 1s 
about 6 times that of the Warburg procedure. 

2. Temperature changes of the room air and changes in barometric pres- 
sure are without effect on the analytical readings in the present method. 

3. Carbon dioxide, oxygen, and dissolved nitrogen are determined in the 
same analysis. 
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4. Lactic acid and other metabolites can be determined at any time 
throughout an experiment, not merely at the beginning and end of the 
experimental period, as in the Warburg procedure. 

5. The equipment is easy to sterilize, and asepsis can be better main- 
tained in the present procedure than in the Warburg technique. 

6. It is possible to determine the metabolism of a homogenate, first 
during aerobic conditions, and afterwards when the oxygen in the medium 
has been used up under anaerobic conditions. 

7. In the application of the method to studies of bacterial metabolism a 
count of the bacteria can be made at any time during the experiment. 
Determination of nitrogen synthesis by nitrogen-synthesizing bacteria can 
possibly be made merely by registering the decrease in the content of dis- 
solved nitrogen of the medium. The gasometric technique may further be 
extended to include hydrogen and methane determinations. 

The disadvantages of the present procedure in comparison with the War- 
burg method are the following. 

1. The method is not applicable to determination of the respiration of 
tissue slices prepared in the ordinary way. 

2. If only one Van Slyke apparatus is available, determinations cannot 
be made any more frequently than one analysis every 18 to 20 minutes. 

3. Only one sample of a rapidly respiring homogenate can conveniently 
be studied in one experiment, whereas several may be studied with the 
Warburg procedure. 

4. The tissue respiration in the present procedure takes place under 
changing oxygen pressure, and, if carbon dioxide is developed, under chang- 
ing carbon dioxide tension. 


SUMMARY 


A new procedure is described for determination of the oxygen consump- 
tion and carbon dioxide production of tissue homogenates. The homoge- 
nate is contained under sterile conditions in a glass syringe from which 
aliquot samples are transferred to the extraction chamber of a Van Slyke 
apparatus for analysis of carbon dioxide, oxygen, and dissolved nitrogen 
according to Van Slyke and Neill. The method is also applicable to meta- 
bolic studies on bacterial cultures in liquid media and to cell suspensions. 
The advantages and disadvantages of the procedure as compared with the 
conventional manometric technique of Warburg are discussed. 
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UTILIZATION OF GLUCOSE-1-C" FOR THE SYNTHESIS OF 
PHENYLALANINE AND TYROSINE* 


By CHARLES GILVARG{ ann KONRAD BLOCH 


(From the Department of Biochemistry and the Institute of Radiobiology and 
Biophysics, University of Chicago, Chicago, Illinois) 


(Received for publication, July 2, 1952) 


When yeast is grown on a medium containing glucose as its principal 
carbon source and, in addition, labeled acetate as an indicator, acetate 
carbon is found to be utilized for the synthesis of a variety of cell constitu- 
ents. We have earlier reported the isolation and isotope analysis of some 
thirteen amino acids synthesized by yeast under these conditions (1). The 
extent of acetate incorporation into these amino acids was found to vary 
over a Wide range. It was particularly small in phenylalanine and tyrosine, 
amounting to less than 1 per cent of that found for example in glutamic 
acid. It was concluded from these findings that intermediates of the citric 
acid cycle and pyruvate could not be major precursors of either the rings 
or the side chains of phenylalanine and tyrosine. Instead, it was sug- 
gested that the biosynthesis of the aromatic amino acids involved a more 
direct utilization of the glucose molecule. 

In order to investigate the mechanism of these processes, glucose-1-C™ 
was prepared and used as a substrate for yeast growth. Phenylalanine 
and tyrosine isolated from the yeast protein were degraded in order to 
establish the distribution of isotopic carbon. <A preliminary report of these 
experiments has been made elsewhere (2). 


EXPERIMENTAL 


The two aromatic amino acics were isolated from two separate yeast 
growth experiments. One of these has been described in detail in a prior 
publication (3). In brief, yeast was grown aerobically on a synthetic 
medium containing glucose-1-C™ as its principal carbon source. Acetate- 
1-C® was included in the medium to duplicate previous experimental con- 
ditions (1). The medium contained 50 mg. per liter of m-inositol and was 
buffered with citrate (0.02 m) at pH 5.4. In the second experiment the 


* Part of the data was taken from a thesis submitted by Charles Gilvarg in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy in the De- 
partment of Biochemistry, University of Chicago. 

This work was aided by a grant from the Nutrition Foundation, Inc. 

t Predoctoral Fellow of the United States Public Health Service. Present ad- 
dress, Department of Pharmacology, New York University College of Medicine. 
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amount of inositol was reduced to 7.5 mg. per liter. Both acetate and 


citrate were omitted and therefore glucose-1-C™ was the only carbon 


source.! In order to control the pH of the medium, electrodes were sealed 


into the growth flask and the pH was maintained between 5 and 5.4 by the 
intermittent addition of NH,OH. In both experiments the yeast was 
cultured on 2 liters of medium. After 48 hours of aeration the cells were 
harvested. The wet weight of the cells was 46 gm. in Experiment I and 
50 gm. in Experiment IT. 

The procedure used for the isolation of phenylalanine and tyrosine from 
the yeast protein has been described (1). The benzenoid amino acids are 
selectively removed from the protein hydrolysate by adsorption on charcoal 
(4). After elution with phenol they are separated on a column of Dowex 


H 
COOH DECARBONYLASE C0> (CARBOXYL) 


Cu 


Ca(0Br) 
3CBr3N02 (C\,3,5 ) 


NO» 


50 and crystallized from water-alcohol and water, respectively. Identity 
and purity of the products were confirmed by paper chromatography. 
39 mg. of phenylalanine and 40 mg. of tyrosine were obtained in Experi- 
ment I. The yields were 50 and 75 mg., respectively, in Experiment IT. 

Degradations—The amino acids were diluted with an appropriate amount 
of carrier and recrystallized from water. Tyrosine was decarboxylated 
enzymatically with a suspension of Streptococcus faecalis cells (5). Other- 
wise, the tyrosine degradations followed closely those employed by Baddiley 
et al. (6). They may be summarized in the accompanying scheme. In 
the degradation of phenylalanine various nitro derivatives were prepared 
and the carbon atoms attached to the nitro groups were obtained in the 
form of bromopicrin by oxidation with calcium hypobromite (6). The 
carboxyl group of phenylalanine was obtained as CO» by reaction with 
ninhydrin according to Van Slyke et al. (7). For the conversion to benzoic 


1 The glucose-1-C"4 used in Experiment II was kindly supplied by Dr. Horace Isbell, 
National Bureau of Standards. 
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acid 400 mg. of phenylalanine were heated under a reflux for 6 hours with 
7.5 gm. of potassium dichromate in 27.3 ml. of 25 per cent sulfuric acid (8). 
Use of a straight walled condenser is essential to prevent excessive loss of 
intermediary products on the condenser surface. The reaction mixture 
was extracted with three 50 ml. portions of petroleum ether. After re- 
moval of the solvent, the benzoic acid was recrystallized from hot water; 
yield 74 per cent. Decarboxylation of benzoic acid yielded the 8-carbon 
of the side chain of phenylalanine (9). A mixture of 24 mg. of benzoic 
acid, 25 mg. of copper oxide, and 3 ml. of freshly distilled quinoline was 
heated to 262—267° for 30 minutes. The CO, was swept into baryta with 
a stream of nitrogen. 

In order to prepare a derivative containing nitro groups in positions 
2 and 6, it was necessary to replace the meta-directing carboxyl group of 
benzoic acid with an ortho-para-directing group. The benzoic acid was 
therefore converted to aniline, acetanilide, and further to p-bromoacetani- 
lide to protect the more reactive para position. Nitration of the p-bromo- 
acetanilide yielded 2-nitro-4-bromoacetanilide. 

175 mg. of benzoic acid were converted to aniline by means of the 
Schmidt reaction (10). Aniline, without isolation, was acetylated (11) to 
yield acetanilide in 78 per cent yield based on benzoic acid. A portion of 
the acetanilide was dissolved in 0.35 ml. of glacial acetic acid and 0.20 ml. 
of bromine was added. After 5 minutes the reaction mixture was diluted 
with 4 ml. of cold water (11). Crystals of p-bromoacetanilide appeared 
immediately; yield 80 per cent. 85 mg. of p-bromoacetanilide were dis- 
solved in 0.26 ml. of cold concentrated H2SO, and the mixture was treated 
with the stoichiometric amount of HNO; added as a chilled solution in 9 
volumes of concentrated sulfuric acid as carrier to facilitate handling. The 
reaction mixture, after standing at 20° for 1 hour, was diluted with 3 ml. 
of cold water. Alumina chromatography with benzene as the solvent and 
recrystallization from 50 per cent alcohol yielded the 2-nitro-4-bromoacet- 
anilide in 63 per cent yield; m.p. 103—103.5°; literature value 104°. 

A portion of the acetanilide prepared in Experiment I (45 mg.) was added 
to 0.30 ml. of ice-cold concentrated sulfuric acid. After the addition of 
nitric acid (0.15 ml.) the mixture was kept at 20° for 20 minutes. The 
reaction was stopped by the addition of 1.5 ml. of ice-cold water (11). 
The acetyl group was removed by boiling with dilute hydrochloric acid 
and the resulting 2,4-dinitroaniline was recrystallized from 1.2 ml. of 
methanol; yield 28 per cent; m.p. 180—-181°; literature value 182°. 

30 mg. of the acetanilide prepared in Experiment II were dissolved in 
0.30 ml. of cold concentrated HsSO,. To this was added the stoichiometric 
amount of HNO; in 9 volumes of H.SO,. After standing at 20° for 30 
minutes the reaction mixture was diluted with 1.5 ml. of ice-cold water. 
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The p-nitroacetanilide was recrystallized from ethanol; yield 70 per cent; 
m.p. 213-215°; literature value 215°. 

The 2-nitro-4-bromoacetanilide from Experiments I and II, the 2,4. 
dinitroaniline obtained in Experiment I, and the p-nitroacetanilide from 
Experiment II were all treated with Ca(OBr),2 under the conditions of the 
bromopicrin reaction (6). The bromopicrin obtained in each case was con- 
verted to COz by wet oxidation with the Van Slyke-Folch reagent (12). 


N 


M2 
| cro, 
(coo (8-CARBON ) 
QUINOLINE 
HNO; 
H5S0, 
r HNO3 HCI 
| 
NO2 
HNO} 
| | Ca(0Br) 
NHCOCH3 (C4) CBr3N0> (Cy anda ¢) 
NO2 
| Ca (0Br)2 
CBr3NO2 (Ca.g) 


The degradations performed on phenylalanine are summarized in the ac- 
companying scheme. 


Isotopic Methods 


Samples were converted to CO, either by wet combustion according to 
Van Slyke and Folch (12) or by ignition in a stream of O: in a micro com- 
bustion apparatus. For C™ determinations BaCO3 samples were centri- 
fuged into cups 3.47 sq. cm. in area. The samples were counted with a 
gas flow counter for a sufficient length of time to insure a probable error, 
due to counting, of less than 3 per cent. Counts were corrected for thick- 
ness according to the method of Reid (13) and results are given as counts 


M 

| 

| 
3 
" ( 


C. GILVARG AND K. BLOCH 


693 


TABLE I 
Yeast Grown in Presence of Glucose-1-C'4 
Experiment I Experiment II 
cu C13 cu 
c.p.m.* atom per cent excess c.p.m.* 
Medium glucose................... 810 950 
Initial 10.4 
... 540 0.07 750 


*Counts per minute of infinitely thick samples of BaCQs. 


+ 0.027 mole of acetate-1-C!* per liter. 


TABLE II 
Distribution of C'4 in Phenylalanine and Tyrosine Formed from Glucose-1-C'4 


| Experiment I Experiment II 
| 
Tyrosine | Phenylalanine , Tyrosine | P —— 
c.p.m. c.p.m. c.p.m. c.p.m. 
p-Hydroxybenzoic acid*................. 31 46 
“ + COOH—C (calculated)............ 6 16 
2,4-Dinitroaniline§...................... 17 
7 (calcu- 20 
lated) 
*M.p. in Experiment I 214-215°; Experiment II 214.5-215.5°; literature value 
215.5°. 
t M.p. in Experiment I 121-122°; Experiment II 120.5-122.5°; literature value 
122.5°. 
tM.p. in Experiment I 121.5-122°; Experiment ITI 121.5-122°; literature value 
121.7°. 
§ M.p. 180-181°; literature value 182°. 


. 112-114°; literature value 114°. 
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per minute of infinitely thick samples of BaCO;. For C™ determinations 
the BaCO; samples were converted to CO, in a vacuum system according 
to Rittenberg (14) and the isotope concentrations were determined in a 
mass spectrometer. 


Results 


The isotope concentrations found in the substrates added to the growth 
medium and in the isolated amino acids are listed in Table I. Prior to 


EXPT 1 
2500 
| [s7ors (290) 6p | 2400 (20)20 
»mC=-6-¢ 
\ 
170 
2000 1820 
Ciss Coase Cos 
EXPT. I 
3600 4000 
| 230 230 | (-600) 
> K i Sl-c-c-c 
! 
410 
2940 


Fic. 1. Isotope distribution in phenylalanine and tyrosine. Values calculated 
from data in Table II as indicated in the text. Values in parentheses calculated by 
4860 


difference. Experiment I, initial medium glucose, C—C—-C—-C—C—C; expected 
2430 


isotope distribution in 3-carbon unit from glycolysis C—C—C. In Experiment II 
the corresponding values are glucose 5700, 3-carbon unit 2850. 


degradation the amino acids were diluted approximately 20-fold. The 
analytical values obtained for the various carbon atoms of phenylalanine 
and tyrosine in Experiments I and II are presented in Table II and a 
graphic presentation of the isotope distribution in the amino acids is given 
in Fig. 1. The numerical values shown on Fig. 1 were obtained by multi- 
plying the data of Table II with the appropriate dilution factor: mg. of 
isotopic amino acid + mg. of normal carrier per mg. of isotopic amino 
acid. When recalculated on this basis, the analytical data for the degrada- 
tion products can be directly compared to the C™ concentration of the 
glucose which served as the precursor. The numerical values referring to 
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the C" concentration of various carbon atoms represent specific activities 
in the case of single carbons and total activities in the case of analytical 
fractions which are derived from more than | carbon atom. 


DISCUSSION 


The metabolism of glucose via the glycolytic pathway and the citric acid 
cycle (15-18) has been shown to occur in yeast. These channels of glucose 
dissimilation may be represented schematically. 

In the experiments with labeled acetate the isotope concentrations in 
alanine, aspartic acid, and glutamic acid were 15, 30, and 200 times greater 
than in phenylalanine and tyrosine (1). Also in the present experiments, 
acetate was not significantly utilized for the synthesis of the aromatic 
acids (Table I). Pyruvate, oxalacetate, and a-ketoglutarate, the estab- 


GLUCOSE ——® GLUCOSE -6-P 


TRIOSE 
PYRUVATE 
Co + OAA CLKETO GLUTARATE 


lished sources for the carbon chains of alanine and the dicarboxylic amino 
acids, should, under these conditions, contain the same high concentrations 
of acetate carbon and may for this reason be ruled out as precursors of the 
aromatic amino acids. Hence, only intermediates above pyruvate in the 
glycolytic scheme need be considered as carbon sources in the biosynthesis 
of phenylalanine and tyrosine. 

In any transformations occurring with 1-C-glucose it should be possible 
to distinguish between pathways involving hexose itself and those in which 
the conversion proceeds by way of triose or C3 intermediates. Triose 
derived from 1-C'*-glucose by glycolysis would be expected to have C™ 
predominantly at the 8 position (19). Moreover, if the 2 trioses resulting 
from glycolysis are completely equilibrated, the specific activity of the B 
position will be 50 per cent of that at C,; in glucose. On the other hand, 
glucose or a hexose derived from it would presumably retain the isotope 
concentration and distribution of the glucose which had been added to the 
growth medium at the beginning of the experiment. An experiment to 
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test this point has been described (3). Glucose and mannose were isolated 
as the osazones from the yeast polysaccharide fraction in Experiment I. 
The specific activities of the 2 hexoses were identical with that of the 
medium glucose and only 5 per cent of the activity present originally at the 
C, position could be detected in Cz (3). 

As can be seen from the data summarized in Fig. 1, the labeling in the 
side chains of phenylalanine and tyrosine synthesized by yeast from glu- 
cose-1-C conforms in magnitude and distribution with that expected in 
triose. The data therefore suggest that the side chains of phenylalanine 
and tyrosine are supplied by 3-carbon units of glycolysis, the B-carbon of 
the side chains being derived from C,; and Cg of glucose. 

The finding that of the total radioactivity in the tyrosine ring only 3 to 4 
per cent is attributable to carbon atoms 1, 3, and 5 eliminates a condensa- 
tion of two isotopically equilibrated 3-carbon units as a possible mechanism 
for ring synthesis. Condensation of two singly labeled C3 units would 


c* 


c* ¢* 
afford 6-membered rings containing the 2 labeled carbons either in para or 
ortho positions, depending on whether a ‘‘head to head”’ or “head to tail” 
condensation had occurred. 

The absence of isotope from positions 1, 3, and 5 confines isotopic carbon 
to Co, C4, and C¢z of the tyrosine ring. C2, C4, and C¢ are more accessible 
in phenylalanine than in tyrosine. For this reason the isotope concentra- 
tion of these ring carbons has been determined by degradation of phen- 
ylalanine and the assumption is made that the biosynthetic pathways for 
the two aromatic amino acids are identical. Ring synthesis from three C; 
units may be considered but appears improbable, since in that case C2, C,, 
and Cg, should each contain one-third of the total activity of the ring. In 
Experiment II the C™ content of C, in phenylalanine was determined 
directly and was found to account for 10 per cent or less of the total activ- 
ity of the benzene rings. The possibility that the aromatic rings were 
formed by the condensation of three isotopically equilibrated 2-carbon 
units may therefore be dismissed. 

Since carbon atoms 1, 3, 4, and 5 contribute at most 13 per cent of the 
total activity in the benzene nucleus, C2. and C. must contain the bulk of 
the isotopic label. Direct analysis (see Fig. 1) shows this to be the case; 


=] 


f 
* 
| 
4 
4 


C. GILVARG AND K. BLOCH 697 


73 per cent of the total C“ in the ring moiety is accounted for by the iso- 
tope content of these 2 carbon atoms. 

In view of the symmetry of phenylalanine and tyrosine it is not possible 
to distinguish experimentally between the Cz and C¢ positions. Therefore, 
it is not known whether at some intermediary stage C™ was asymmetrically 
distributed between C. and Cs. A mechanism, which fits the isotope data 
qualitatively and which assumes that only one of the two positions origin- 
ally contained the bulk of the radioactivity, involves a cyclization of glu- 
cose or a derived hexose to form a 6-membered ring. If the intact carbon 
chain of the original 1-C'-glucose were used directly, the cyclization prod- 
uct should have the same specific activity as the precursor. Actually, in 
Experiment I the specific activity of the ring moieties of phenylalanine and 
tyrosine was only 50 and 63 per cent, respectively, of that of the medium 
glucose. In Experiment II only slightly higher values were found (70 and 
63 per cent), although isotope dilution from other non-labeled sources was 
avoided. These findings, coupled with the observation (3) that the radio- 
activity of 1-C'4-glucose is not significantly reduced or redistributed during 
the growth period, are not in accord with the earlier suggestion (2) that 
the aromatic rings arise by direct cyclization of glucose. 

The data reported here on the utilization of 1-C'*-glucose are not readily 
interpretable in terms of the established pathways of glucose metabolism. 
On the basis of earlier (1) and present findings the following mechanisms of 
ring synthesis may, however, be ruled out: (1) condensation of three C: 
units, (2) utilization of intermediates of the citric acid cycle, (3) condensa- 
tion of two isotopically equilibrated trioses, (4) direct cyclization of glucose. 

It may be pointed out that the present data are not incompatible with a 
mechanism of ring synthesis involving the condensation of 1 singly labeled 
triose unit with products of glucose metabolism which in the present case 
would be unlabeled (C2 to Cs). Novel pathways of glucose metabolism, 
leading to the formation of the C7 sugar sedoheptulose, are indicated by the 
recent work of Benson et al. (20) and of Horecker and Smyrniotis (21). 
These authors suggest that sedoheptulose may arise by condensation of a 
triose with a tetrose. It is attractive to consider the possibility that a 
heptose may serve as a source of shikimic acid, the 7-carbon compound 
which Davis (22) has shown to be an intermediate in aromatic biosynthesis 
by mutants of Escherichia coli.2 This series of events, admittedly specula- 
tive, is in accord with the data presented here on the utilization of 1-C"- 
glucose in the synthesis of phenylalanine and tyrosine by yeast. 


?In a brief communication, Shigeura and Sprinson (23) have reported on the 
utilization of various labeled compounds in the synthesis of shikimic acid by E. coli. 
Their results indicate that the pathway involved is similar to that by which phenyl- 
alanine and tyrosine are formed in yeast. 
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SUMMARY 


P Phenylalanine and tyrosine were isolated from yeast which had been 
grown on a medium containing glucose-1-C"™ as its principal carbon source, 
The amino acids were degraded and the distribution of isotope was studied, 
The specific activities of the carbon atoms in the side chain of phen- 
ylalanine and tyrosine corresponded to those expected from a 3-carbon unit 
of glycolysis. 
Various mechanisms for the synthesis of the aromatic rings are discussed. 
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In order to provide a basis for later study of the reaction of a protein to 
specific chemical alterations in the living cell, an investigation of the 
dynamics of the transaminase system was begun by attempting to de- 
velop a method of proved reliability, lending itself to rapid observation 
and a high degree of precision. As such a method has not been available 
for this system, we wish to report the results of a study of the factors in- 
volved in the velocity measurements of the glutamate-aspartate trans- 
aminase system by use of ultraviolet spectrophotometry, a technique sug- 
gested by Green, Leloir, and Nocito (1) and explored by Cammarata and 


Cohen (2). 
Evaluation of Experimental Method 


Difficulties in estimating the initial reaction velocity of enzymatic re- 
actions accurately and precisely can be overcome by measuring the slope 
of the tangent to the curve relating concentration of substrate to time at 
the point corresponding to the beginning of the reaction. An adequate 
number of observations made in a sufficiently short time after the start of 
the reaction permits a straight line with intercept at zero time to be drawn 
with great precision through the plotted points. Since this line is of ne- 
cessity tangent to the observed reaction curve at its origin, its slope repre- 
sents the true initial reaction velocity, regardless of the factors tending to 


* This investigation was supported by research grants from the National Insti- 
tutes of Health, United States Public Health Service, and in part by the central 
isotope facilities supported by the Veterans Administration at the School of Medi- 
cine, The Johns Hopkins University. Presented before the Federation of Ameri- 
ean Societies for Experimental Biology and Medicine, April 30, 1951, Cleveland, 
Ohio. 

t Submitted by Alfred Nisonoff to the Board of University Studies at The Johns 
Hopkins University in partial fulfilment of the requirements for the degree of Doc- 
tor of Philosophy. Predoctoral Fellow of the Atomic Energy Commission in the 
Biological Sciences. 
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reduce the observed rate. These factors include the decrease in concen- 
tration of substrates with time, presence of the reverse reaction, enzyme 
deterioration, and even the decomposition of a product, such as oxalacetate, 
in the case of transamination. By adapting ultraviolet spectrophotometry 
(1) to the determination of initial reaction velocities, we have been able to 
obtain a large number of analytical readings in the first 2 or 3 minutes 
after the start of the reaction. The method is based on the high absorp- 
tion coefficient of oxalacetate at a wave-length of 280 my, relative to that 
of the other components of this transaminase system. 

In order to express the measured absorption values accurately in terms 
of concentration it was necessary to estimate the rates of spontaneous de- 
composition of oxalacetate under various conditions and in mixtures of 
components of the transaminase system, compare properties of the two 
isomeric forms of oxalacetic acid quantitatively in order to determine 
which form was applicable, estimate the contribution of components of the 
transaminating mixture to the measured optical density during a reaction, 
and estimate glutamic acid concentrations through use of the isotope dilu- 
tion method to prove directly that absorption data can be converted to 
changes in concentration resulting from transamination. The latter re- 
sults will be reported in a later paper. 

Since these and ensuing studies on the transaminase system would be 
greatly affected by impurities, the substrates used were extensively puri- 
fied. Also, as a special phase of this, the cis-trans isomerism of oxalacetate 
had to be subjected to separate investigation! in order to prepare valid, 
purified samples of each form. Since it was considered important to have 
an enzyme preparation which was as little altered from the natural state 
as possible, the enzyme was not subjected to any preparative steps which 
might bring about dissociation of the coenzyme or other components 
(3); it was treated as mildly as possible, was purified only from diffusible 
non-protein solutes and substrates dissolved in the extract, and was finally 
prepared in a stable, dry form. 

It. is estimated by analysis of all contributory errors that this spectro- 
photometric method permits the determination of initial reaction velocities 
in terms of concentration per unit time with an over-all standard error of 
the mean no greater than 3 per cent. 


Results 


Kinetics of Decomposition of Oxalacetate—The spontaneous decomposi- 
tion of oxalacetate to pyruvate in aqueous solution makes necessary a 
definition of the kinetics of the decomposition under conditions applicable 
to transamination. Since the absorption coefficient of oxalacetate at 280 


1 Barnes, F. W., and Lupfer, M. H., to be published. 
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my is 25-fold larger than that of pyruvate, it is possible to follow the de- 
‘composition spectrophotometrically with accuracy. 

Experiments were carried out by dissolving oxalacetic acid in a buffered 
solution which also contained enough sodium hydroxide to neutralize the 
acid to pH 7.4; the temperature was 37.5°. In each experiment it was 
found that the data fell on a straight line when the natural logarithm of 
optical density was plotted against time. This indicates that the reaction 
is of the first order.2, Examples of the data are shown in Fig. 1. The 


-0.5. 


(OPTICAL DENSITY) 


LOG, 


MINUTES” 

Fic. 1. Examples of data obtained in spectrophotometric measurements of oxal- 
acetate decomposition. In addition to oxalacetate the following concentrations 
of components were present: Curve A, glutamate, 1.0 um per ml.; Curve B, enzyme, 
0.112 mg. per ml.; Curve C, aspartate, 45 um per ml.; Curve D, a-ketoglutarate, 20 
uM per ml.; glutamate, 5 um per ml.; Curve E, a-ketoglutarate, 20 um per ml.; aspar- 
tate, 20 um per ml.; glutamate, 10 um per ml. pH 7.4, ¢ 37.5°, phosphate buffer 0.033 
mM. The ordinate represents the natural logarithm of the optical density; \ 280 mu. 


first order velocity constant is equal to the slope of the line in each case. 
Velocity constants obtained under various experimental conditions are 
listed in Table I. The mean of values of k for “‘c-oxalacetate’’® in buffer 
is 4.16 min.—'; the mean value for t-oxalacetate is 4.19 


* Changes in optical density were corrected for absorption due to pyruvate. 
This resulted in a relative correction of about 4 per cent to rates of decomposition 
of oxalacetate. 

*Oxalacetic acid exists in two isomeric forms characterized by different melting 
points. The isomerism is believed to be of the cis-trans type, but definite evidence 
as to which of the substances is cis- and which is trans-oxalacetic acid is not available. 
The compound of higher melting point will be referred to as t-oxalacetic acid, while 
that of lower melting point will be called c-oxalacetic acid in this paper. 
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min.—!. Expressed differently, the results show that, at 37.5° in 0.033 » 
phosphate buffer of pH 7.4, oxalacetate decomposes at the approximate 
rate of 0.4 per cent of the total amount present per minute. The first 
order velocity constant is independent of initial concentration of oxal- 
acetate in the range of concentrations investigated, 0.59 K 10-* to 3.2 x 
10-*m. The data in Table I also show that glutamate and to a lesser ex- 
tent aspartate exhibit pronounced accelerating effects on the decomposi- 


TABLE I 
Rates of Decomposition of Oxalacetate under Varying Conditions 
Results in the first five columns in uM per ml.; for “Enzyme” in mg. per ml. 


Concentration of components 
ist order velocity of 
le-Keto- ecomposition 
c-Oxalacetate t-Oxalacetate Enzyme A 
| | min X 103 
0.70-3.2 (10 ex- | | 4.16 + 0.31, s.d. 0.15 
periments) | 0.60-2.6 | 4.19+ 0.22, “ 0.09 
(9 exper- 
iments) 
1.1 45 4.80 
45 8.83 
1.2 45 13.1 
1.0 0.112 4.38 
0.72 0.560 5.48 
1.1 1 0 4.32 
1.0 2.0) 4.28 
1.0 20 20 10 | 9.67 
1.0 20 20 5 | 7.83 
0.90 10 10 5 | 5.85 


In each experiment a straight line of negative slope was obtained when the log- 
arithm of optical density was plotted against time. First order velocity constants 
were calculated from the slopes of these straight lines. Experimental conditions, 
pH 7.4, t 37.5°, phosphate buffer 0.033 M, A 280 mu. 


tion. The rate of decomposition is nearly tripled in the presence of 0.045 
M glutamate and is nearly doubled when aspartate is present at a concen- 
tration of 0.045 m. This confirms the findings of Bessman and Layne 
(4), who employed somewhat different experimental conditions. The 
effect of the presence of a-ketoglutarate on the decomposition is slight. 
The enzyme preparation, at a concentration of 0.55 mg. per ml., increases 
the rate of decomposition about 25 per cent, but this concentration of 
enzyme is considerably higher than any used in investigating the kinetics 
of transamination. When the concentration of enzyme is 0.112 mg. per 
ml., its effect on the decomposition rate of oxalacetate is negligible. 
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In other experiments, results of which are not tabulated, it was found 
that (a) the rate of decomposition of oxalacetate is not affected signifi- 
cantly by ultraviolet radiation from the hydrogen discharge lamp of the 
spectrophotometer. This was shown by an experiment in which the 
amount of exposure to the radiation was at least 10 times as great as 
that which would ordinarily occur. The extent of decomposition in a 12 
minute period agreed within 0.5 per cent with that measured in a control 
run simultaneously. (6) Experimental errors encountered in adjusting 
the pH of reaction mixtures (+0.05 pH unit) do not affect the rate of 


30° 


20 
CONCENTRATION (yMOL/ML) 
Fig. 2. Optical density as a function of concentration of oxalacetate. With the 
exception of the two points labeled c-oxalacetate, the data represent t-oxalacetate. 
pH 7.4, t 37.5°, phosphate buffer 0.033 mM, \ 280 mu. 


decomposition appreciably. This was demonstrated by a series of three 
experiments in which the pH was varied from 7.25 to 7.95. From the 
data it was estimated that the fractional change in the first order velocity 
constant corresponding to a deviation of 0.05 unit from pH 7.4 is less than 
3 per cent. 

Optical Densities of Solutions of Substrates—The curve for the optical 
density concentration of oxalacetate is given in Fig. 2. Except for the 
two points labeled c-oxalacetate, the data refer to t-oxalacetate. Each 
point on the curve was obtained by extrapolating a series of optical density 
readings back to the time of dissolving powdered oxalacetic acid. This 
was necessitated by the spontaneous decomposition of that substrate. 
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The optical absorption coefficient falls off slightly with increasing con- 
centration, but not significantly in the range of concentration used in this 
method; at concentrations below 1 uM per ml. its value is 0.528 optical 
density unit per um per ml. It is evident from the curve that the extine- 
tion coefficients of the two isomeric forms of oxalacetic acid are the same 
under the conditions investigated. 

The relation of optical density to concentration for each of the other 
substrates is given in Table II. As first reported by Green, Leloir, and 
Nocito (1), the absorption coefficient of oxalacetate greatly exceeds that 
of any of the other substrates. 


TABLE II 


Relation of Optical Density to Concentrations of Components of Transaminase System 
Other Than Oxalacetate 


The values represent optical densities. 


Concentration a-Ketoglutarate Aspartate | Glutamate Enzyme 
uM per ml. 
2.5 0.075 
5 0.147 
10 0.285 0.006 0.001 
20 0.552 0.009 0.001 | 
mg. per ml. | | 
0.056 | | | 0.041 
0.112 | | 0.083 


Iixperimental conditions, pH 7.4, t 37.5°, phosphate buffer 0.033 mM, \ 280 mu. 


Variation with Wave-Length of Optical Densities of Solutions of c- and 
t-Oxalacetate—Variation of optical density with wave-length for solutions 
of c- and t-oxalacetate in phosphate buffer (A = 250 to 300 my) is shown in 
Table III. Some difficulty was caused by the spontaneous decomposition 
of oxalacetate during the period of time required to take readings since it 
was desirable to have data corresponding to a constant concentration of 
oxalacetate. Therefore the rate of decomposition of ‘that substance, re- 
corded above, was used to correct optical density readings so that all 
corresponded to that concentration of oxalacetate present at the time of 
the reading at 280 muy, referred to as zero time in Table III. Since the 
solution of t-oxalacetate used was not of the same concentration as that of 
c-oxalacetate, comparison of the two sets of data was made by arbitrarily 
multiplying optical density values for t-oxalacetate by the factor 1.05. 
From a comparison of the values in the last two columns of Table III it 
is evident that the optical density-wave-length curves for solutions of ¢- 
and t-oxalacetate are superimposable within the range of wave-lengths 
investigated. 
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Comparison of Properties of c- and t-Oxalacetate—It has been shown that, 
at pH 7.4, the optical extinction coefficients and rates of spontaneous de- 
composition of c- and t-oxalacetate are the same within the limits of ex- 
perimental error. Also, the investigated portions of the optical density- 
wave-length curves for the two substances were found to be superimposable. 
It thus appears probable that solutions of the isomeric compounds are 
identical at pH 7.4. Since ¢-oxalacetic acid can be prepared in a more 
stable and possibly purer form than can c-oxalacetic acid, the former was 
chosen for study of the kinetics of transamination. 


TaBLeE III 
Variation of Optical Density with Wave-Length for Solutions of c- and t-Oxalacetate 


3 Optical density corrected to 
Time of reading* | | Optical density prrmenay Mees 


ct | tt | X 1.05 
—6.2 —6.1 250 1.375 | 1.24 1.35 1.33 
—§.2 —4.2 260 1.295 | 1.18 1.27 1.26 
nf? —2.2 270 1.030 | 0.960 1.01 1.02 

0.0 0.0 280 0.623 0.597 0.623 0.625 
+1.8 +9.7 290 0.319 0.287 | 0.322 0.314 
+3.3 +10.7 300 0.177 0.152 0.179 © .167 


Experimental conditions, pH 7.4, ¢ 37.5°, phosphate buffer 0.033 . 

* The time of the reading at 280 my» was taken as zero time. Negative values 
in the table refer to readings taken before zero time. 

t Data corrected by means of the values tor rates of decomposition of oxalacetate 


given in Table I. ? 
t The symbols ¢ and ¢ refer to c- and t-oxalacetate. 


Summation of Optical Densities of Components of Transaminase System— 
In order to interpret spectrophotometric data precisely in terms of con- 
centrations of components, it is necessary to know whether a given con- 
centration of any component contributes to the total optical density in 
a mixture of components to the extent that it does when measured alone. 
To obtain this information, various mixtures of components were pre- 
pared and their optical densities measured. The results were compared 
with values predicted by the summation of optical densities of solutions 
of individual components. Because of the relatively high absorption co- 
efficient of oxalacetate, it was especially important to learn whether op- 
tical densities due to the presence of that substrate are additive to those of 
various mixtures. 

To obtain accurate data, the following technique was employed when 
oxalacetate was present. Equal aliquots of a solution of oxalacetate were 


‘ 
} 


706 ENZYMATIC TRANSAMINATION 


added simultaneously to each of two absorption cells; one of these cells 
contained only buffer, while the other contained a mixture of other com- 
ponents. If optical densities were perfectly additive, the increases in 
optical density in each of the two cells should have been the same.‘ Use 
of this method made it unnecessary to know accurately the concentrations 


TABLE IV 
Summation of Optical Densities of Components of Transaminase System 
Results in the first four columns in uM per ml.; for “Enzyme’’ in mg. per ml. 


Concentrations of components 
Predicted Measured | 


t-Oxalacetate, | | | optical optical | 
| Aspartate | Glutamate | Enzyme | density density 

| | | | | per cent 

20 | 0.112 0.635 | 0.640  —0.8 

| 20 5 0.112 0.636 0.645 

5 3 0.112 0.231 0.230  +0.4 

20 0.112 0.093 0.096  —3.2 

20 20 oe 0.562 | 0.570 | —1.4 

0.9 5 5 | 3.5 0.112 | 0.709 0.698 —1.6 

0.9 5 5 0.112 | 0.710 | 0.698 —-1.7 

0.9 5 0.112 | 0.723 | 0.717 —0.9 

0.9 5 0.560 , 1.119 | 1.125  +0.5 

0.8 20 5 0.112 1.022 | 0.996 | -—2.5 

0.25 4 4 | 6 0.112 0.355 | 0.344 —3.1 

0.5 4 4 ee 0.112 | 0.447 | 0.446 | —0.2 

0.7 5 5 | 3.8 0.112 0.598 | 0.610 | 42.0 

0.25 3.5 0.112 0.305 0.309 41.3 

1.0 2 13 | 0.6 0.112 0.668 0.668 0.0 

0.3 1.5 0.112 0.303 | 0.301  -0.7 

0.8 0.452 0.445 

0.25 20 | 20 0.1389 0.144 +3.6 

0.25 | 20 20 0.134 0.137 


Experimental conditions, pH 7.4, ¢ 37.5°, phosphate buffer 0.033 m, \ 280 mu. 

* Predicted optical density values were obtained by the summation of values 
for solutions of the individual components. 

+ For reasons discussed in the text, it was not necessary that the oxalacetate 
concentrations be accurately known. 


of components; the only property measured was the increase in absorption. 
The value of the optical density upon addition of oxalacetate was de- 
termined by extrapolating a series of readings back to the time of the 
addition. When a mixture contained both enzyme and a-ketoglutarate, 
aspartate was omitted from the original mixture and was added with the 


4 It was necessary to make a small correction for the dilution of other components 
which occurred upon the addition of oxalacetic acid. 
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oxalacetate. This was necessary in order to prevent transamination from 
occurring prematurely. ‘The data, summarized in Table IV, indicate that 
the differences between predicted and experimental optical density values 
are within the limits of experimental error. Thus, it is possible to cal- 
culate the optical density of a transamination mixture from a knowledge 
of individual absorption coefficients. 

Rate of Spontaneous Decomposition of Oxalacetate in Complete Trans- 
amination Mixture—From data presented thus far it should be possible to 
estimate the rate of decomposition of oxalacetate in a mixture of all com- 
ponents of an actively transaminating system. However, proof that actual 
transamination does not alter the rate of decomposition of oxalacetate is 
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MINUTES 
Fig. 3. Rates of decrease of oxalacetate concentration in two complete transami- 
nation mixtures after attainment of equilibrium. pH 7.4, t 37.5°, phosphate buffer 
0.033 m, 280 mu. 


needed. It is not possible to determine this velocity directly in the spectro- 
photometer, since, in an actively transaminating mixture, changes in op- 
tical density attributable to oxalacetate decomposition are overshadowed 
by changes due to transamination. However, this rate can be estimated 
by an indirect method. 

To obtain the necessary data, all components necessary for transamina- 
tion were mixed in ratios indicated by other studies’ to be near those 
needed for equilibrium. At zero time, enzyme was added in sufficiently 
large quantity to insure rapid attainment of equilibrium. Optical density 
was then measured as a function of time. The results of two experiments 
of this type are shown in Fig. 3. In each case the optical density rapidly 
attained a maximum value as the system approached equilibrium, leveled 
off, then decreased at a rate which soon became constant. While the 


* Nisonoff, A., and Barnes, F. W., to be published. 
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slopes of these curves during the period of decrease in optical density repre- 
sent net rates of disappearance of oxalacetate, they do not correspond to 
rates of decomposition; the situation is complicated by the tendency of 
the transamination system to adjust itself so as to maintain the equilibrium 
condition. This would require the formation of oxalacetate to replace 
some of the quantity decomposed. Then, the observed decrease in optical 
density must represent the difference between the amount of oxalacetate 
decomposed and the amount formed by the shift in equilibrium. If it 
is assumed that equilibrium, with respect to the transaminase system, is 
maintained after it has once been reached, it is possible, by the method 
shown below, to calculate the highest possible rate of decomposition of 
oxalacetate in the mixture. This assumption is probably valid in view 
of the rapidity with which equilibrium is attained. However, it can be 
shown that any lag in adjustment to the equilibrium condition as oxal- 
acetate decomposes would result in an erroneously high calculated rate 
of decomposition. In other words, the value for rate of oxalacetate de- 
composition derived below would still represent a maximum. 

Let Ay be the concentration of oxalacetate that decomposes to pyruvate 
in the very small time interval At; let Az represent the concentration of 
oxalacetate that is formed to compensate for the loss and thus maintain 
the system at equilibrium. If a, b, c, and d are the concentrations of as- 
partate, a-ketoglutarate, glutamate, and oxalacetate, respectively, before 
the decomposition occurs, then 


ab 
(1) ae 


where K is the equilibrium constant. At the end of the time interval, 
At, | 

(a — Az)(b — Az) 
(c + Az)(d + Az — Ay) 


Expanding this expression, dropping terms which are the products of in- 
finitesimals, and substituting the value ab for its equivalent, Ked, we obtain 


_a+b6+ Kd + Ke 
Ax Ke 


= K 


(2) 


(3) 


In these experiments d, the concentration of glutamate, was very nearly 
equal to c, the oxalacetate concentration. Therefore Equation 3 may be 
written 

Ay a+ 6+ 2Ke 
(4) Ar Ke 


Since a and b are positive numbers, the value of the fraction on the right 
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side of the equation must exceed 2. Then, 
(5) — 


This is equivalent to the expression 
(6) Ay < 2(Ay — Az) 


Since Ay represents the concentration of oxalacetate decomposed, while 
(Ay — Az) is the observed net decrease in oxalacetate concentration, this 
derivation leads to the conclusion that the concentration of oxalacetate 
decomposed to form pyruvate in a unit of time is less than twice the value 
observed spectrophotometrically. 

The spectrophotometric values can be obtained from the data plotted 
in Fig. 3. The following are the calculated rates of disappearance of 
oxalacetate at the outset of the period of uniform rate of loss of optical 
density. 


Curve No., Rate of loss of oxalacetate, 
Fig. 3 per cent per min. 
1 0.27 
2 0.24 


Then, according to Equation 6, the rate of decomposition of oxalacetate 
in each of the mixtures studied lies between the limits 0.24 and 0.54 per 
cent per minute. A rate estimated by summing the known effects of in- 
dividual components is 0.48 per cent per minute. Thus, the actual rate 
of decomposition of oxalacetate in an actively transaminating mixture is 
of the same order of magnitude as the estimated rate. 


EXPERIMENTAL 


Description of Materials—The enzyme was prepared from 1000 gm. of 
hog heart which was placed on ice within 15 to 30 minutes after slaughter 
and used immediately. This was mixed with 4 liters of distilled water in 
a Waring blendor at as near 0° as possible and allowed to stand for 1 hour. 
It was then centrifuged for 25 minutes at a relative centrifugal force of 
2000, and the clear red supernatant was dried from the frozen state. The 
dried material was redissolved in 0.15 m NaCl solution at a concentration 
of 50 mg. per ml., centrifuged, and dialyzed at 5° against 10 times its volume 
of distilled water. The dialysis was repeated twice and contents of the 
dialysis bag were again dried from the frozen state, then dried over P.O. 
The yield from 1000 gm. of muscle (fresh state) was 20 gm. of dry, soluble, 
homogeneous powder, which was stored in the dark at —20°. 

Preparation of each of the isomeric species of oxalacetic acid will be 
described in a later communication. 


; 
4 
4 
? 
| 


710 ENZYMATIC TRANSAMINATION 


a-Ketoglutaric acid was synthesized by the method of Friedman and 
Kosower (5); the product, after three recrystallizations from an acetone- 
benzene mixture, had a melting point of 105.5—108.5° (corrected). This 
was comparable to the melting point reported by the authors, but con- 
siderably below the value (115-116°) obtained by Wislicenus and Wald- 
miiller (6). Among methods of purification tried, without success, were 
the following: recrystallization from an acetone-benzene mixture, recrystal- 
lization from acetone, recrystallization from ether, preparation of the 
phenylhydrazone, followed by the splitting of this derivative and recovery 
of a-ketoglutaric acid. It was finally found possible to prepare a highly 
purified product by six recrystallizations from an ethyl acetate-petroleum 
ether mixture. This material melted at 115.5-117° (corrected). 


CsH,.O;. Calculated, C 41.10, H 4.14; found, C 41.17, H 3.90 


L-Glutamic acid was purified by recrystallizing the Merck product three 
times as the hydrochloride from concentrated HCl and three times as the 
free amino acid from conductivity water. To minimize conversion to 
pyrrolidonecarboxylic acid, solutions were not heated in the latter re- 
erystallizations. 


CsH,0,N. Calculated, N 9.52; found, N 9.49 


L-Aspartic acid was obtained from Eimer and Amend and was purified 
by four recrystallizations from conductivity water. 


C,H;O,N. Calculated, N 10.52; found, N 10.45 


Methods—The Beckman spectrophotometer was standardized (7-9) by 
comparing points on the wave-length scale against a mercury discharge 
lamp; the optical density scale was checked with solutions of potassium 
chromate and potassium acid phthalate (8, 10). The maximum sensitivity 
at optical density 2.0 was 0.002 unit at 280 mu. The instrument showed 
a reproducibility, at optical density 1.15, of about 4 parts in 10,000. The 
length of cells was 1.0000 + 0.0006 cm. 

Temperature control was maintained by means of water which circulated 
from a constant temperature bath through a well in the spectrophotometer. 
The usual temperature control, as measured directly in the absorption 
cells, was +0.1°. However, in prolonged experiments deviations as high 
as +0.2° were sometimes measured. Thermometers were standardized 
against a resistance thermometer which had been calibrated by the National 
Bureau of Standards. Solutions were made up with conductivity water 
and were buffered with a mixture of phosphate salts (11). Except where 
otherwise specified the pH was 7.4 + 0.05. Oxalacetic acid, the dry en- 
zyme preparation, and standard solutions of substrates were stored at 
about —20°. The frozen solutions were thawed only for a few minutes 
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at a time. Enzyme solutions were used within 30 minutes after their 
preparation. 


SUMMARY 


In view of the importance of data on initial velocity in the study of 
enzyme behavior, a basis has been established for accurate estimation of 
the kinetics of the glutamate-aspartate transaminase system by means of 
spectrophotometric analysis. It has been found that changes in oxal- 
acetate concentration can be estimated rapidly during transamination 
with a standard error of the mean no greater than 3 per cent. 

In establishing this basis for study, the following facts also have been 
shown. (a) The two isomeric forms of oxalacetic acid appear to be identi- 
cal in solution at pH 7.4. (b) The spontaneous decomposition of oxalace- 
tate, which is a side reaction to transamination, is a reaction of the first 
order; the velocity constant is independent of oxalacetate concentration, 
but is increased considerably in the presence of glutamic or aspartic acid 
and, to a lesser extent, by a-ketoglutarate and the enzyme preparation; 
the occurrence of transamination in the same reaction mixture has no sig- 
nificant effect on the rate of decomposition. (c) Optical densities of mix- 
tures of components of the transaminase system can be predicted ac- 
curately from a knowledge of individual absorption coefficients. 
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MECHANISMS IN ENZYMATIC TRANSAMINATION 
KINETIC STUDIES OF THE GLUTAMATE-ASPARTATE REACTION* 


By ALFRED NISONOFFf anp FREDERICK W. BARNES, Jr. 


(From the Department of Chemistry, The Johns Hopkins University, and the 
Departments of Medicine and Physiological Chemistry, School of Medicine, 
The Johns Hopkins University, Baltimore, Maryland) 


(Received for publication, March 25, 1952) 


As part of a study of protein behavior, certain aspects of the kinetics 
of the glutamate-aspartate transaminase system were investigated as pre- 
cisely as possible by application of a previously developed method for 
spectrophotometric estimation of initial reaction velocity (1). The study 
of this reversible, bimolecular, enzymatic reaction had to be developed 
chiefly from the basis of what little is known about single substrate en- 
zymatic reactions which proceed to apparent completion. Previous 
workers have shown the approach of such reactions to a maximum initial 
velocity at higher substrate concentrations, the fitting of reaction rate 
data to mathematical equations based on a hypothesis of enzyme-substrate 
interaction (2-6), the conformity of some reactions to the Arrhenius equa- 
tion over short temperature ranges (7), something of the nature of de- 
naturation and of changes in entropy as revealed by the effects of pressure 
(7), the sensitivity of many enzymatic reactions to change in pH, and cer- 
tain features of enzyme specificity (cf. (8—10)). 


Experimental Approach and Its Evaluation 


The effect of a number of variables on the initial rate of reaction of 
a-ketoglutarate with aspartate in the presence of transaminase was studied 
by estimation of changes in oxalacetate concentration from a series of 
rapid spectrophotometric readings made immediately after the start of 


the reaction (1). 
To obtain significant results it was necessary to meet all the conditions 
set forth in the previous report of the method (1), including preparation 
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of enzyme and substrates. It was also important to investigate certain 
variables, e.g. pH, in order to make reliable estimation of the effect of 
others, e.g. concentration of substrates. 

The error involved in estimating slopes of lines drawn through the points 
plotted from the data was estimated by two observers’ independent draw- 
ing of tangents to a number of representative curves, the mean deviation 
being calculated for each pair of slopes. The arithmetic mean of the 
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MINUTES 

Fic. 1. Examples of data obtained in the measurement of initial rates of reaction 
of a-ketoglutarate with aspartate. Curve A, a-ketoglutarate and aspartate, 2.50 
“uM per ml. each; enzyme, 0.112 mg. per, ml. Curve B, a-ketoglutarate, 0.900 um 
per ml.; aspartate, 5.00 um per ml.; enzyme, 0.112 mg. per ml. Curve C, a-keto- 
glutarate and aspartate; see Curve A; enzyme, 0.056 mg. per ml. Curve D, a-keto- 
glutarate and aspartate, 1.25 um per ml. each; enzyme, 0.056 mg. per ml., pl 7.4, 
t 37.5°, phosphate buffer 0.033 mM, \ 280 mu. 


forty-three values of mean deviation thus obtained is 1.4 per cent. The 
highest value of mean deviation is 5.9 per cent. 

To illustrate the data, the initial portions of four reaction curves are 
plotted in Fig. 1. The straight lines, constructed visually, are tangents 
to the curves at the origin. Thus, the slopes of these curves represent 
the initial reaction velocities. As is evident from Fig. 1, the essential 
data can usually be obtained within the first 2 minutes by this method, 
thereby permitting a true estimate of the initial rate (1). — 

In nearly all cases duplicate or triplicate determinations of initial rate 
were carried out, each one including sampling of the dry enzyme prepara- 
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A total of 170 individual measurements of initial reaction rates 
was made. The arithmetic mean of all values of mean deviation is 2.0 
per cent; the maximum value of mean deviation is 5.7 per cent. No 
sources of error or of unreliability of the results were discerned, except 
those discussed. 


tion. 


Results 


Effect of Aging, pH, Radiation, Temperature, and Buffer Concentratton— 
The effect of aging on the catalytic activity of the dry enzyme preparation 


TABLE I 
Effect of Aging at Approximately —20° on Catalytic Activity of 
Dry Enzyme Preparation 


Time of aging Mean — reaction No. of determinations | Mean deviation 
mos. uM per ml. per min. X 102 on ee per cent 
0 | 6.73 24 3.1 
2 | 6.68 3 | 1.3 
6 6.56 3 | 1.4 


Component concentrations, a-ketoglutarate and aspartate, 2.5 um per ml. each; 
enzyme, 0.112 mg. per ml.; phosphate buffer 0.033 m. Experimental conditions, 
pH 7.4, t 37.5°, X 280 mz. 


TABLE II 
Effect of Aging at 26° on Catalytic Activity of Solution of Enzyme in Buffer 
| 


Age of enzyme solution 


Mean initial reaction rate 


No. of determinations 


Mean deviation 


per cent 


hrs. ume per ml. per min, X 102 
0-} | 6.82 | 3 0.9 
2-24 | 6.50 | 3 2.0 


Component concentrations, a-ketoglutarate and aspartate, 2.5 um per ml. each; 
enzyme, 0.112 mg. per ml.; phosphate buffer 0.033 m. Experimental conditions, 
pH 7.4, ¢ 37.5°, X 280 mu. 


is indicated by the data in Table I. In the period of 6 months, during 
which the experiments reported in this paper were carried out, the enzyme, 
stored in the dark at about — 20°, lost only 2.5 + 2 per cent of its original 
activity. This approximate loss of activity was confirmed by later ex- 
periments, in which it was found that the enzyme lost 7.3 + 1 per cent of 
its original activity in the period of 1 year. 

The effect of aging was tested by varying the period of time during 
which aliquots of one solution of enzyme were permitted to age at 26° 
before the start of an experiment (Table II). It is evident from the data 
that, at 26° and pH 7.4, a solution containing 2 mg. of enzyme per ml. of 
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0.033 m phosphate buffer lost only 2.5 per cent of its activity per hour, 
In later kinetic studies an enzyme solution was always used within 3 hour 
after its preparation, its concentration was always about 2 mg. per ml., 
and its temperature was kept below 26°. Significant loss of activity at 
37° during an experiment is ruled out by the fact that the pertinent data 
were obtained’ in the earliest moments after the start of the reaction. 
Thus it appears that the maximum error in these experiments due to aging 
of the enzyme solution is less than 1.3 per cent. One may conclude that 
the method of preparing transaminase (1) provides a material that can 
be stored for long periods and can be used for a large series of experiments 
extending over months without frequent restandardization of activity and 
without correction for loss of activity during short periods of use, such as 
those reported here. 

pH was controlled to within +0.05 unit of the desired value. Data 
obtained by varying pH between the limits 7.25 to 7.63, other conditions 
being constant, indicate that a deviation of +0.05 unit from pH 7.4 cor- 
responds to an error in measured reaction velocity of less than 1.5 per cent. 

The effect of ultraviolet radiation at 280 my on the rate of the trans- 
aminase reaction was controlled by subjecting two reaction mixtures to 
the radiation, one continuously and the other only for the brief time re- 
quired for readings of optical density. Although the former received radi- 
ation more than 20-fold greater than the latter, no significant difference 
was observed in the reaction rate over a 12 minute period, the observed 
changes in optical density being 0.210 and 0.209 units, respectively. 

The effect of temperature was tested by varying the temperature over 
the range 13-57°. In Fig. 2 the logarithm of initia] reaction velocity is 
plotted against the reciprocal of the absolute temperature. Between 
13-40° the data are well represented by a straight line, indicating that the 
Arrhenius equation is applicable. The position of the line was determined 
by application of the method of least squares to points in the temperature 
range 13-40°. Energy of activation, calculated from the slope of the line, 
is 12,500 calories per mole. A possible explanation of the deviation from 
a linear relationship at temperatures above 40° is that the enzyme loses 
an appreciable fraction of its activity during the 25 to 35 seconds that 
elapse before readings of optical density are begun. 

A definite, but slight period of delay was noted at the start of each ex- 
periment carried out at a temperature below 27°; it is illustrated in Fig. 3. 
The earliest points on such a reaction curve, obtained during the period 
of delay, were not taken into consideration in constructing the tangent to 
the curve. An explanation of the delay cannot be given; two possibilities 
are that autocatalysis is involved or that the enzyme undergoes some type 
of preliminary activation. 
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From the data of Fig. 2, it can be calculated that the error in initial re- 
action velocity due to fluctuations in temperature (see ‘““Methods’’) does 
not exceed 0.9 per cent. 

The effect on reaction velocity of variation of the concentration of phos- 
phate buffer was measured under otherwise fixed conditions, It may be 
seen in Fig. 4 that at 0.033 m sodium and potassium phosphate in the 
ratios used produce a velocity about twice that found when no buffer 
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Fic. 2. Variation of reaction velocity (v) with absolute temperature (7').  a-KXeto- 
glutarate and aspartate, 2.5 um per ml. each; enzyme, 0.112 mg. per ml.; phosphate 


buffer 0.033 Mm; pH 7.4, \ 280 my. 
Fic. 3. Illustrations of the period of delay observed at the start of all reactions 


carried out at temperatures below 27°. For other conditions see Fig. 2. 


salts were added to the medium. Higher concentrations! of these salts 
have little additional effect on the rate. 

On the basis of their data, Fasman and Niemann (11) have indicated 
that phosphate ion activates urease, while sodium and potassium ions act 
as inhibitors. It appears that these ions have a significant effect on trans- 
amination, and that phosphate ion may act as a catalyst. 

Effect of Substrate Concentrations—The effect on the initial reaction 
velocity of simultaneous variation of the concentrations of a-ketoglutarate 
and aspartate is shown in Fig. 5, Curves A, B, and C. In each of these 
experiments the molar concentrations of the two substrates were equal. 
At each of three levels of enzyme concentration the substrate concentra- 
tion-velocity curve is of the familiar “saturation” type. As is shown in 
Fig. 5, the data describe curves of a similar nature when the concentration 
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of either aspartate, Curve D, or of a-ketoglutarate, Curve I, alone js 
varied and other factors are held constant. 

Inspection of Curves A, B, and C in Fig. 5 permits certain conclusions 
other than that of their “saturation” character. It may be seen that no 
actual limiting rate was reached; 1.e., the velocity in the ranges studied 
does not become independent of substrate concentration. It is also evi. 
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Fic. 4. Effect of phosphate buffer on reaction velocity. ¢ 37.5°. For other con- 
ditions see Fig. 2. 

Fic. 5. Effect upon velocity of variation of concentrations of the substrates. 
The plotted points for Curve A are represented O, those for Curve D by X. The 
same line fits Curves A and D. Abscissa values in Curves A, B, and C refer to 
concentration of aspartate, which equals that of a-ketoglutarate. In Curve D, 
abscissa values represent aspartate concentrations with a-ketoglutarate concentra- 
tion held constant at 5.00 um per ml. In Curve FE, abscissa values represent a-keto- 
glutarate concentrations with aspartate concentration held constant at 5.00 uM per 
ml. Enzyme concentrations, Curve A, 0.112 mg. per ml.; Curve B, 0.456 mg. per 
ml.; Curve C, 0.028 mg. per ml.; Curves D and E, 0.112 mg. per ml. For other 
conditions see Fig. 2. 


dent that the reaction is characterized by different velocity constants at 
high and low substrate concentrations. The continuously decreasing slope 
of each curve must mean that some part of the interaction with the enzyme 
is a limiting process. Another way of representing this phenomenon is to 
draw the curve relating substrate concentration, C, to a calculated velocity 
per unit concentration, V,, as shown in Fig. 6, by which it may be seen 
that —dV,/dC is greatest numerically in the lowest ranges of substrate 
concentration. 

It is apparent that the enzymatic system at lowest concentrations 1s 
unable to meet an additional substrate load with a corresponding increase 
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in catalytic rate. Furthermore, while more enzyme at any given substrate 
concentration increases the rate (see Fig. 9), the activity of the enzyme per 
mg. is practically unchanged. The additional enzyme is bound by the 
same conditions of substrate concentration that control the enzyme present 
before the addition. For a given amount of enzyme, what can be stated 
about this limiting process from the data available here? 

Let us define two parts of the enzymatic process; namely, access of sub- 
strates to the active catalytic sites up to the point of their engagement 
therein and the actual catalytic change itself. For the second step let us 
define V. as the mean velocity of catalysis by each enzymatic site for an 
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Fic. 6. Effect of variation in substrate concentration on velocity per unit concen- 
tration. Icnzyme, 0.028 mg. per ml.; ¢ 37.5°. For other conditions see Fig. 2. 


engaged molecule of substrate actually undergoing reaction. Each of 
these processes, access and catalysis, may consist of one or more steps. 

Actually in these experiments the number of unused, available enzymatic 
sites at any given instant must be always appreciable, even at highest sub- 
strate concentration, for the net rate itself must be a function in part of 
the available sites. It seems unlikely that V. could be changed by alter- 
ing the substrate concentration; certainly such a possibility is not in keep- 
ing with classical concepts of a catalyst or with general assumptions in the 
field of chemistry. Assuming that V, is constant, the observed limitation 
in rate increase indicates that the net increase in time spent by the total 
number of sites in catalytic activity at higher concentrations is more than 
offset by the decrease in their net availability. Thus at lower substrate 
concentrations there ought to be many available sites at any given instant 
and the effect of substrate additions on rate would appear in part to be a 
function of the number of active enzymatic sites available. This could 
account for the steep curve, —dV,/dC, at low concentrations. 
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Since there appear to be many available sites at low concentrations, J, 
must be faster than the rate of access at these concentrations and yet slow 
enough to be responsible for the limitation in available sites and in rate 
at higher substrate concentration. At lower substrate concentrations of 
1 um per ml., and on the assumption of a molecular weight for the enzyme 
of between 30,000 and 300,000, the ratio of substrate to enzyme moles 
must be of the order 10‘ or 10°. The analysis so far gives no indication of 
the reason why rate of access is slower than the catalytic rate in the presence 
of a great excess of molecules and an unused availability of catalytic sites, 
the discrepancy in rates being apparent at low concentrations of substrate 
and applicable to further amounts of enzyme which may be added. 

Also, by comparing Curves D and E, Fig. 5, cne may see that the curve 
for increasing values of a-ketoglutarate has a steeper slope than that for 
aspartate and a!so, unlike the latter, it changes abruptly to a very slight 
slope approximately between the ccncentraticns of 1.0 and 15.0 uM rer 
ml. Access cf a-ketoglutarate to the enzyme is apparently much more 
readily achieved than that of aspartate, since there is no reason to expect 
a difference in V, under varying proportions of substrate. Among various 
structural features which might be responsible for such a difference in 
rate of access it is possible that the active mclecular species of aspartate 
is present in concentrations which are only a small fraction of the con- 
centration of the active species of a-ketoglutarate. There is, however, no 
particular reason to suspect that this is so. 

How may we account for the apparent difficulty in access of substrates 
to enzyme in the presence of a high ratio of the former to the latter, for 
the increased net access at still higher substrate concentrations, and for 
the almost 5-fold difference in apparent rate of access between a-keto- 
vlutarate and aspartate? The data so far present these questions. It 
has been found possible also to express the observed data by equations, 
given below, for a three-step reaction of which the velocity constants pro- 
vide an expression of the over-all reaction, inclusive of the above relation- 
ships. Further explanation of the problems discussed remains for later 
testing. 

The proposed reaction mechanism involves the formation of a ternary 
intermediate compound of enzyme and the two substrates. The mathe- 
matical treatment, which follows, is an extension of that introduced by 
Van Slyke and Cullen (3) for a one substrate enzymatic system! 

‘The Van Slyke-Cullen approach ditfers trom that of Michaelis and Menten i 
that the former assumes irreversible combination of enzyme with substrate. Since 
either treatment leads to the same rate equation for a one substrate system (12), 


it has been difficult to determine which hypothesis is more nearly correct. Chance 
(5) has shown that reversibility is a negligible factor in certain systems. 
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Let A represent aspartate, B a-ketoglutarate, and E enzyme. The 
postulated reaction steps can then be written as follows: 


k 
EF+A——EA; EA+B EAB; EAB + products? 


Let 4; represent the time required for | enzyme molecule to complete 
the cycle of the reaction; 7.e., to combine successively with a molecule of 
each substrate and to be regenerated as the free enzyme in the final step. 
This total time is equal to the sum of the time intervals required by the 
individual reaction steps, and may be expressed as follows: 


1 1 1 


where /;, he, and hs represent velocity constants for the three successive 
reaction steps, (A,) represents the concentration of that 1onic species* of 
aspartic acid which actually participates in the reaction, and (B,) repre- 
sents the concentration of the reacting ionic species of a-ketoglutarate. 

If we assume that the concentration of the reacting species of a sub- 
strate is proportional to the total concentration of the substrate, Equation 
| may be written 


1 1 1 


2 


where (A) and (B) represent total substrate concentrations and Cy and 


are constants. 
If we let = and = ks, Equation 2 becomes 


1 ] 
(3) 4 = hs 


Since ¢; is the time required for an enzyme molecule to complete a re- 


* The final velocity expression derived by this method is not changed by the as- 
sumption that B, rather than A, combines with the enzyme first. 

3 Since both substrates have dissociable hydrogen atoms, two ionic species of each 
substrate may be present in significant quantity at pH 7.4. According to the thermo- 
dynamic equation, 

va (acid species) 
where y is the activity coefficient and parentheses represent molar concentration, 
the ratio of the concentration of the acidic species to that of the basic species of a 
substance is constant if pH and activity coefficient are constant. Since 0.02 m 
represents the highest substrate concentration used in this work, and reaction mix- 
tures were 0.033 m with respect to phosphate buffer, it is believed that changes in 
activity coefficient were small. Also, the pH was controlled. It is therefore as- 
sumed in this discussion that the concentration of the reacting ionic species of a given 
substrate is proportional to its total concentration. 
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722 ENZYMATIC TRANSAMINATION 
action cycle, the number of transformations catalyzed by 1 enzyme mole. 
cule in a unit of time is 1,¢;. The total reaction velocity per unit volume 
is 1/t; X (Eo), where (Eo) is the number of enzyme molecules in a unit 
volume; 2.e., the total enzyme concentration. 

Then, if v represents the reaction velocity in units of concentration per 
unit time, v = (Epo) or, 


v (15) \ k;(B) k; 
In the experiments discussed in this section (I%)) was constant. 
such conditions Equation 4 becomes 

 k(B) ks 
where = (Kp = (Eo and ks (Ho 

The variables in Equation 5 are reaction velocity and concentrations 
of substrates. It should therefore be possible to test agreement with this 
equation of experimental kinetic data obtained by variation of substrate 
concentrations at a constant level of enzyme concentration. This may 
be done as follows: 

Case (a), if (B), as well as (iy), is constant, Equation 5 becomes 


(6) 
v A) 


Under 


(5) 
v 


+ constant! 


A plot of the reciprocal of measured initial reaction velocity against the 
reciprocal of the total aspartate concentration should result in a straight 
line if these equations are applicable. Such a plot is shown in Fig. 7, 
Curve A; a straight line represents the data well. Case (b), if (A) and 
(Eo) are constant, Equation 5 reduces to 

1 
(7) = i(B) + constant 

According to this equation, a plot of 1/v against 1,/(B), where (B) is the 
total concentration of a-ketoglutarate, should be represented by a straight 
line. The data plotted in Fig. 7, Curve B, indicate that a linear relation- 
ship does exist throughout the range of concentrations investigated. Case 
(c), if (A) and (B) are varied simultaneously, so that they are equal in 
each experiment, Equation 5 becomes 


v (A) ke ky ks (B) kg ky ks 


‘This predicted linear relationship of the reciprocals is analogous to that de- 
rived for a one substrate system by Lineweaver and Burk (13) on the basis of the 
Michaelis-Menten theory. It also appeared earlier in the Van Slyke-Cullen de- 
velopment. 
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Then, a plot of 1,v against 1/(A) or 1, (B) should result in a straight line 
when substrate concentrations are varied in this way. Experimental data 
of this type are plotted in Fig. 8, and good correspondence of a straight line 
with the data is evident. 

It should be noted that the finding of linear relationships between the 
reciprocals of concentration of each substrate and of reaction velocity does 
not alone provide sufficient proof of the applicability of Equation 5 to the 


Fic. 7. Relation between reciprocals of velocity (v) and substrate concentra- 
tion (S). Curve A, aspartate varied, a-ketoglutarate, 5.00 um per ml. Curve B, 
a-ketoglutarate varied, aspartate, 5.00 wm per ml.; ¢ 37.5°. For other conditions 


see Fig. 2. 

Fig. 8. Relation between reciprocals of velocity and substrate concentration; 
substrates varied simultaneously. S = (a-ketoglutarate) = (aspartate); ¢ 37.5°. 
For other conditions see Fig. 2. 


data. This is shown by the fact that we can calculate i and ‘7 from the 
slopes of the straight lines, but the values found might not agree with the 
ordinate intercepts derived from the experimental data. Such agree- 
ment is necessary, since kg and k; partially determine the intercepts as 
well as the slopes; for example, the intercept on variation of aspartate con- 
centration includes the term k;. However, it is possible to apply an over- 
all quantitative test to determine how well Equation 5 is in agreement with 
the experimental results. This will be done by evaluating each k by using 
these values to calculate expected reaction velocities at various substrate 
concentrations by means of Equation 5, and comparing the calculated 
velocities with the experimental values. 
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If (A) and (B) both are infinite, Equation 5 reduces to 
(8) 1/v = 1/ks, or v = k,5 


Since /g is equal to the reaction velocity when (A) and (B) are infinite, it 
can be determined from the data plotted in Fig. 8. The ordinate inter- 
cept on this graph gives the value of 1,v corresponding to the condition, 
1/(A) = 1/(B) = 0; «@e., (A) = (B) = o. Therefore the reciprocal of 
this intercept is /'s. Its numerical value is found to be 0.167 uM per ni. 
per minute. 

It is possible to evaluate kg from the data plotted in Fig. 7, Curve A. 
According to Equation 5, 1/k¢ is the slope of the straight line which results 
when 1/v is plotted against 1/(A), with (B) and (Eo) constant. The nu- 
merical value of kg is found to be 0.0549 min.-'. Similarly, /7 is the re- 
ciprocal of the slope of the straight line plotted in Fig. 7, Curve B._ Its 
value is 0.204 min.*}. 

Since we have values for k¢, 47, and /'s, it is possible to test the applica- 
bility of Equation 5 to the data; the equation can be used to calculate 
predicted reaction velocities corresponding to known concentrations of 
aspartate and a-ketoglutarate (A and B). A comparison of calculated 
values with those observed experimentally is made in Table III. The 
mean of the relative differences between corresponding values in the last 
two columns is 5.2 per cent. It is evident that Equation 5 represents the 
data well. 

Variation of Enzyme Concentration—The effect. of enzyme concentration 
on initial reaction velocity is shown in Fig. 9. The velocity increases 
with increasing concentration of enzyme, but at each of the three levels 
of substrate concentrations the rate of increase of velocity is slightly less 
than that required to maintain direct proportionality with the enzyme 
concentration. It is apparent that this represents a small deviation of the 
experimental data from Equation 4, since when (A) and (B) are constant 
Iequation 4 becomes 


1/v = constant/(I,), or v = 


Thus, if Equation 4 is applicable, reaction velocity should be proportional 
to enzyme concentration. 

No definite explanation is offered for this small deviation from a non- 
linear relationship. The following possibilities are suggested: (a) Molec- 


6 It is of interest to deduce this point directly from the proposed three-step re 
auction mechanism. As (A) and (B) are increased indefinitely, the velocities of the 
first two steps become very great compared to that of the third and the latter be- 
comes rate-determining. Then the time, ¢;, required for a reaction cycle becomes 


equal to the time required for the third step (1/k;). As shown previously, v = 
1/t; X (Ke). Thus, in this special case, v = k3(Bo) = ky. 
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TaBLeE III 


Comparison of Experimental Reaction Velocities with Values Calculated by 
Means of Equation 5 


Concentration of Concentration of Calculated reaction = Measured reaction 
a-ketoglutarate aspartate | velocity velocity 
0.313 0.313 : 1.25 | 1.39 
0.625 | 0.625 2.33 | 2.87 
1.25 | 1.25 4.08 | 4.43 
2.5 | 2.5 6.56 6.73 
5.0 5.0 9.42 8.83 
10.0 10.0 12.1 11.9 
15.0 15.0 13.3 13.0 
20.0 20.0 14.0 14.3 
5.0 1.25 4.64 4.74 
5.0 1.70 | 5.65 5.48 
5.0 2.50 7.02 7.11 
5.0 3.40 8.11 7.46 
5.0 10.0 11.4 | 12.4 
5.0 15.0 12.1 13.0 
0.625 5.0 5.72 | 5.49 
0.900 9.0 6.63 6.34 
1.25 5.0 7.38 | 7.38 
2.50 5.0 8.63 | 8.28 


Experimental conditions, concentration of enzyme, 0.112 mg. per ml.; ¢ 37.5°, 
pH 7.4; phosphate buffer, 0.033 mM, \ 280 mu. 
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Fic. 9. Variation of velocity with enzyme concentration. Concentrations of 
a-ketoglutarate and aspartate, Curve A, 20.0 um per ml. each; Curve B, 10.0 um 
per ml.; Curve C, 5.00 um per ml.; ¢ 37.5°. For other conditions see Fig. 2. 

Fic. 10. Relation between reciprocals of velocity and enzyme concentration. 
Concentrations of a-ketoglutarate and aspartate, Curve A, 5.00 um per ml. each; 
Curve B, 10.0 um per ml.; Curve C, 20.0 um per ml.; ¢ 37.5°. For other conditions 
see Fig. 2. 
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ular interaction may occur which inactivates some of the enzyme mole- 
cules. In this connection it is of interest that a plot of 1/v against 1 /(E,) 
results in a good straight line at each of three levels of substrate concen- 
trations. ‘This is illustrated in Fig. 10. It can be shown that a linear 
relationship between 1. v and 1,(Eo) is consistent with the hypothesis that 
transaminase combines reversibly with other proteins in the enzyme prepa- 
ration, and that the combination is governed by the law of mass action. 
However, other hypotheses may agree equally well with the experimental 
data. (b) As the enzyme concentration is increased, some process which 
does not involve the enzyme may become rate-limiting. Such a process 
might involve interaction between substrate molecules. 

It is possible to modify Equation 4 so that it corresponds with all our 
data. This can be done by substituting for 1/(E»)k3 the term 1/(Eo)/y + 
Kio, Where ky and kyo are constants. Equation 4 now becomes 


This equation agrees with the experimental findings that the relationship 
of v to (Eo), with (A) and (B) constant, is not quite linear, whereas a linear 
relationship does exist between the reciprocals of v and (Ko). The pre- 
vious discussion of data obtained by variation of substrate concentrations 
is not affected, since, at a constant level of enzyme concentration, Mqua- 
tion 9 is identical in form with Equation 4. The value ‘yo represents the 
intercept on the 1 v axis of the straight line which results when 1 v is 
plotted against 1,/(Eo), with (A) and (B) constant (Fig. 10). As (Bp) 
becomes very large, Equation 9 reduces to 


(10) l/v = orr= 1/kio 


Then, on the assumption that Equation 9 continues to hold at high enzyme 
concentrations, 1/ky is the maximum velocity attainable as (Eo) is in- 
creased indefinitely. 


EXPERIMENTAL 


Materials--The preparation of enzyme and of substrates has been de- 
scribed previously (1). Phosphate buffer solutions were prepared accord- 
ing to Hastings and Sendroy (14). 

Methods-—Reaction rates were measured with a Beckman spect rophotom- 
eter. Standardization of the instrument and the method of control of 
temperature have been described (1). Reactions were started by the 
addition of an aliquot of a solution of enzyme in buffer. The essential 
data were usually obtained within 2 or 3 minutes after the addition of 
enzyme. Nearly all rate determinations were carried out in duplicate 
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or, more frequently, in triplicate. A fresh sample of the dry enzyme prepa- 
ration was used for each replicate determination. An enzyme solution 
was always used within 4 hour after its preparation. pH control of 
+0.05 unit was maintained. It was found that the precision of the data 
improved if a large number of experimental points were obtained in a short 
period of time. For this reason a wire recorder was used in most experi- 
ments to eliminate loss of time in recording data manually. 

Conversion of rates, obtained in optical density units per minute, to 
concentration units per minute was accomplished by means of the found 
absorption coefficients of the reactants. Since absorption coefficients of 
the substrates vary slightly with concentration, it is not always possible to 
use the same factor for converting optical density units per minute to con- 
centration units per minute. The following example illustrates the method 
of conversion of units. 

Suppose that a reaction mixture contains 10 um per ml. each of a-keto- 
glutarate and aspartate and that the initial reaction rate, determined 
graphically, is found to be 0.100 optical density unit per minute. 

At a concentration of 10 um per ml., and at pH 7.4, the absorption co- 
efficient of a-ketoglutarate (A 280 my) is 0.0287 optical density unit per 
uM per ml.; that of aspartate is 0.0006 unit per ym per ml. At low con- 
centration the absorption coefficient of oxalacetate is 0.528 unit per uM 
perml. The formation of 1 uM per ml. each of oxalacetate and glutamate 
is therefore accompanied by an increase in optical density of 0.528 + 
0.0001 — 0.0006 — 0.0287 = 0.499 density unit. The initial rate in 
micromoles per ml. per minute is obtained by dividing the rate in optical 
density units per minute (0.100) by the factor 0.499. 


SUMMARY 


The initial rates of transamination of a-ketoglutarate with aspartate 
were measured under various conditions by a precise, rapid spectrophoto- 
metric method. The magnitude of errors from possible sources was in- 
vestigated and defined. 

The reaction velocity was found to increase continuously with decreas- 
ing temperature between 13-57°, the Arrhenius equation being applicable 
to the data between 13-40° and indicating an energy of activation of 12,500 
calories per mole. A slight period of delay was observed at the start of the 
reactions carried out at temperatures below 27°. Also it was found that 
phosphate buffer salts have a marked catalytic effect on the reaction. 

Behavior of the enzyme preparation with various substrate concentra- 
tions was defined experimentally. Analysis of the curves obtained sug- 
gests some problems concerning interaction of substrates with the enzyme. 
All data obtained by variation of concentrations of substrates, individually 
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and simultaneously, are consistent with an equation derived on the as. 
sumption that the reaction proceeds through formation of a ternary inter- 
mediate compound of enzyme and the two substrates. This rate equation 
was derived by extending the Van Slyke-Cullen hypothesis of enzymatic 
action to a system of two substrates. Data on variation of enzyme con- 
centration were found to deviate slightly from the equation, since the 
effect of the variation was found to be not quite linear. Correspondence 
can be restored by an empirical correction to the equation; the possible 
physical significance of the correction was discussed. 


= 
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STUDIES OF INSULIN BINDING WITH ISOTOPICALLY 
LABELED INSULIN* 


By WILLIAM ©. STADIBE, NIELS HAUGAARD, MARTHA VAUGHAN 


(From the John Herr Musser Department of Research Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, July 7, 1952) 


In a previous paper (1), we reported a new phenomenon in the behavior 
of insulin: when the surviving isolated diaphragm of the rat is momen- 
tarily equilibrated (as little time as 10 seconds suffices) in a medium 
containing insulin and then equilibrated aerobically with glucose, the 
extra synthesis of glycogen compared to controls not pretreated with 
insulin indicates that the metabolism of the tissue is being accelerated. 
The effect persists after prolonged washing of the diaphragm and, as 
shown by appropriate controls, is not due to insulin in solution. We 
concluded therefore that the insulin is bound to the tissues by forces not 
yet defined and in the bound form exerts its customary effect. Subse- 
quently we reported (2, 3) that adipose tissue and lactating mammary 
tissue of the rat showed the same phenomenon and responded in their 
respective characteristic ways to the bound hormone. Our further ex- 
perience since these publications has made it appear probable that the 
fixation of insulin to tissues is necessary for its physiological action and 
that the phenomenon is a central one in the problem of the action of 
insulin. For example, the action of the bound insulin on the glycogen 
synthesis of the rat diaphragm is altered by the endocrine state of the 
experimental animal, being diminished in alloxan diabetes, increased fol- 
lowing hypophysectomy, and decreased by the prior injection of pituitary 
and adrenal hormones. 

In these early experiments we were limited to measuring the insulin 
bound by determining its extra metabolic effects. While this method 
had the great advantage of specificity, it could never give absolute amounts, 
but only approximations of relative quantities of bound insulin. More 
important, as we have pointed out before, no answer as to whether the 
contrainsulin action of other hormones is due to inhibition of action of 
the bound insulin or to inhibition of binding could be obtained by the 
biological method. The direct and quantitative determination of the 
minute amounts of bound insulin could best be made by the use of isotopic 

* The work reported in this paper was supported in part by grants from the Na- 


tional Institutes of Health, United States Public Health Service, and the Insulin 
Grants Committee of the Lilly Research Laboratories. 
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insulin. Accordingly we prepared two types; viz., insulin sulfated with 
H.S**Q, and insulin combined with I. A description of the methods 
of preparation and measurement of these isotopic insulins together with 
experiments illustrating the character of the binding of insulin to rat 
tissue is the subject of this paper. 

The literature on isotopic insulin is meager. Reiner, Keston, and Green 
(4) reported experiments on the rate of absorption of iodine-labeled insu- 
lin from sites of subcutaneous injection. Ferrebee et al. (5) reported on 
the preparation of I*!-labeled insulin, together with experimental studies 
with the rat diaphragm in vitro. Pettinga and Rice (6) reported that 
S** from labeled methionine was incorporated into the insulin produced 
by islet cells growing in vitro. The specific activity of these preparations 
was quite low, about 6000 c.p.m. per mg. 


Preparation of Insulin Sulfate 


Reitz, Ferrel, Fraenkel-Conrat, and Olcott (7) originally described a 
method for the sulfation of proteins by treatment with concentrated 
sulfuric acid at low temperatures. Fraenkel-Conrat and his coworkers 
(8) used this method to prepare biologically active insulin sulfate prepara- 
tions. Nearly all of the aliphatic hydroxyl group of serine and threonine 
forms stable acid sulfate ester linkages, but the hormonal activity as 
measured by blood sugar reactions appears essentially unaltered. 

We modified this method suitably to permit the use of sulfuric acid 
containing S** as follows: 50 me. of H.S**O, in 0.1 x HCl as received from 
Oak Ridge (no carrier sulfur is present) are transferred to a 5 ml. test-tube 
and cautiously evaporated to dryness at 100°. To diminish dilution of 
the isotopic sulfur the smallest amount of carrier sulfuric acid (0.1 ml. of 
concentrated acid) compatible with ease of subsequent operations is added. 
After thorough mixing a few mg. are transferred for weighing, appropri- 
ate dilution, and determination of specific activity, in order subsequently 
to calculate sulfur bound to insulin. The main bulk of the isotopic acid 
is cooled to —30° in an acetone-dry ice bath and 5 mg. of a suitable prep- 
aration of insulin are added (usually Lilly crystalline insulin, stated to 
contain “no demonstrable hyperglycemic-glycogenolytic factor’’), and the 
lumps of insulin are broken up with a stirring rod. The temperature is 
then raised to 0° by transference to an ice bath. At the end of 30 min- 
utes at this temperature all insulin is in solution. The mixture is then 
poured onto finely crushed ice with vigorous stirring and the test-tube 
washed out with ice water. These operations dilute the sulfuric acid 
about 1:100. The solution is then neutralized and dialyzed for 24 hours 
against running distilled water. Dialysis is repeated after the addition 
of carrier sodium sulfate in order to hasten the removal of unbound iso- 
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topic sulfate. A final dialysis against a constant volume of water is per- 
formed for 12 hours and the radioactivity “inside” and ‘‘outside”’ deter- 
mined. The radioactivity found outside is a negligible fraction of the 
activity of the insulin sulfate solution inside. The final concentration of 
the insulin in solution is calculated from the protein. The sulfate sulfur 
is calculated from the specific activities of the insulin sulfate and the 
original concentrated isotopic sulfuric acid. 

The analytical data for a typical preparation are as follows: protein 
content 0.120 mg. per ml.; biological activity (assuming no inactivation) 
3.48 units per ml.; radioactivity 2.10 K 10° ¢.p.m. per mg.; sulfate S 2.39 
per cent. 


Preparation of Lodinated (1'*') Insulin 


8 to 10 me. of I'*! are contained in about | ml. in a test-tube. 2 drops 
of a solution containing 0.07 m ferrous sulfate and 0.05 m ferric sulfate in 
1 m sulfuric acid are added and the mixture is allowed to stand for 5 min- 
utes. 5 mg. of insulin (Lilly, 29 units per mg., stated to contain “no 
demonstrable HGF’’) dissolved in about 5 ml. of M/15 phosphate buffer, 
pH 7.4, are added and the pH is adjusted to 7.4 with dilute NaOH. The 
mixture is stirred intermittently for 1.5 to 2 hours. The iodination has 
been carried out both at room temperature and at 0°. After dialysis in 
a cellophane sac for 72 hours against running water and finally against 
a fixed volume of distilled water the protein content and radioactivity of 
the insulin solution are determined. 

Preparations containing from 5.6 to 8.9 X 10® ¢.p.m. per mg. have 
been obtained with no demonstrable inactivation of the insulin as meas- 
ured by its effect on glycogen synthesis in the isolated rat diaphragm. 


Determination of Isotopic Insulin 


Insulin Sulfate—The ester linkage is broken by acid or alkaline hydroly- 
sis so that the free isotopic sulfate may be precipitated with added carrier 
sulfate as BaSO,. For certain purposes acid hydrolysis is advantageous, 
but alkaline hydrolysis is much simpler and suffices for most purposes. 

Acid Hydrolysis—100 to 200 mg. of the tissue containing the isotopic 
insulin are digested in 2 ml. of 6 N HCl at 100° for 1 hour. An exact 
amount of carrier sulfate (3.00 ml. of 0.013 Mm sulfuric acid, equivalent to 
9.2 mg. of BaSQO,) is added. Norit sufficient for decolorization is added 
and the solution transferred by filtration and washing to a 50 ml. conical 
centrifuge tube. 2 ml. of 10 per cent zinc acetate are added and the 
solution made just alkaline with 6 nN NaOH (phenolphthalein as internal 
indicator). The precipitate of zinc hydroxide removes traces of protein 
and other impurities which may be subsequently precipitated with the 
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barium sulfate. After centrifugation the solution is filtered and the fil- 
trate acidified. The sulfate is precipitated by addition of excess of BaC], 
(3 ml. of 0.2 m). The BaSQO, is washed by centrifugation twice with 
water and once with acetone. A hollow cylinder of aluminum (diameter 
z inch) with one sharp edge forms a tight seal by pressure upon a weighed 
lead planchet. The BaSQO, is suspended in acetone and transferred to 
the cylinder, where it settles to form a uniform layer on the planchet. 
The acetone is evaporated and the dried planchet is weighed and radio- 
activity determined with an end window Geiger-Miiller tube and scaler, 
No attempt is made to make a quantitative recovery of the barium sul- 
fate. Correction of the count to the full 9.2 mg. of BaSO, is made in 
addition to the customary corrections for self-absorption and decay. 

Alkaline Hydrolysis—100 to 200 mg. of tissue are digested with 1 ml. 
of 2 N NaOH in a 40 ml. conical centrifuge tube at 100° for 2 hours. Water 
is added from time to time to keep the volume at about 1 ml. An exact 
amount of carrier sulfuric acid (4 ml. of 0.013 mM) and 30 ml. of water are 
added and the solution just neutralized with HCl (phenolphthalein as 
indicator). Extra HCl is added (4 ml. of 1 N) and the solution brought 
to 100° on the water bath. The sulfate is precipitated by addition, with 
stirring, of 2 ml. of 0.2 m BaCle and the heating is continued for about 
half an hour. The solution is cooled and 10 ml. of acetone are added to 
assure quicker and more complete precipitation of the BaSO,. After 
1 hour the precipitate is spun down and the supernatant completely re- 
moved by suction. By means of medicine droppers with drawn out tips 
the precipitate is transferred with successive 0.5 ml. portions of acetone 
to an inverted cover of a4 ounce tin ointment box. The box lid has a 
crimped peripheral moat, thus forming a raised central circular planchet 
of 3 cm. diameter. With care the acetone suspension of barium sulfate 
may be added without overflowing into the moat. Accumulation of the 
precipitate at the periphery is thus avoided and a fairly uniform distribu- 
tion of the barium sulfate is obtained. After the transfer of the BaSO, 
is complete, the preparation is carefully dried under an infra-red lamp and 
then counted as described above. 

Control experiments show that essentially complete transfer of the 
barium sulfate and the radioactivity to the planchet is accomplished. 
Errors due to self-absorption are negligible, since only small amounts of 
contaminating impurities are carried over. Since the amount of carrier 
sulfate on the planchet is always the same, no correction for self-absorp- 
tion of the barium sulfate need be made for comparison of one experiment 
with another. If different amounts of carrier sulfate are used, the con- 

ventional J factors may be used to correct to infinite thinness. The cus- 
tomary corrections for radioactive decay are made. 
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Determination of Lodinated Isotopic Insulin—Samples of tissue or fluid 
are digested in 1 ml. of 6 per cent KOH at 100° for 30 minutes. HCl is 
added to faint alkalinity (phenolphthalein), and after dilution to 4.0 
ml. a 3.0 ml. aliquot is evaporated: to dryness in half of a + ounce ointment 
tin. Samples are counted (+2.5 per cent) with an end window Geiger- 
Miiller tube and the customary scaler. By keeping the amount of tissue 
within rather narrow limits the necessity of making a correction for self- 
absorption is avoided. Duplicate samples were found to agree within 
+5 per cent. 


EXPERIMENTAL 


The general procedure for the demonstration of the amount of bound 
isotopic insulin is as follows: The freshly removed rat hemidiaphragm 
is weighed and equilibrated for a definite period of time in a phosphate- 
saline medium containing a given concentration of isotopic insulin. After 
two or three preliminary washings of 30 seconds each in 25 ml. of medium 
the tissue is washed in oxygenated saline or medium for a stated time, 
usually 30 minutes. After a brief immersion in medium to remove insu- 
lin in the washing solution it is analyzed for isotopic insulin according 
to the methods described. 

We propose in this paper to present experiments which bear upon the 
problem of insulin binding. In a two-phase system separated by a bound- 
ary which itself imposes no barrier to the passage of a solute, osmotic 
forces tend to make the concentration of free solute at equilibrium equal 
in the two phases. If chemical combination of the solute to some other 
component occurs in one phase, then the fotal concentration of the solute 
in that phase will be greater than the concentration of the free solute in 
either phase. By the use of isotopic preparations we have demonstrated 
this difference of concentrations to occur in the case of insulin and rat 
tissues in three ways. 

1. ’ffect of Prolonged Washing—~The bound insulin resists the dissociat- 
ing action of prolonged washing in an insulin-free medium. Representa- 
live experiments are shown in Fig. 1. The washing was carried out in 
90 ml. of medium through which oxygen was bubbled to agitate the solu- 
tion and insure adequate supply of oxygen. Washing from 15 minutes 
to 1 hour results in no further diminution of the bound insulin. Fig. 1 
also shows that the bound insulin is proportional to the insulin concen- 
(ration during the fixation period. The amount of insulin remaining 
after the 30 minute washing period was independent of the volume of 
the washing medium between 10 and 1000 ml. Inclusion in the medium of 
1 per cent of a detergent (Tween 80) during the washing period did not 
cause any increased removal of the bound insulin nor did violent shaking 
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(200 strokes per minute for 3 minutes) during the washing period have 
any effect. 

In contrast to these experiments with isotopic insulin sulfate is the ex 
perience with diaphragms exposed to similar amounts of radioactive sul- 
fate. In this case subsequent washing caused a progressive decrease in 
the radioactive sulfate remaining in the diaphragm. In further contrast, 
the greater the volume of the washing solution the more rapidly was the 
sulfate removed from the diaphragm. 


Bound Insulin |. Fixation period: | minute 
Microgm/ gm 2. insulin concentration : 

0.1, 0.5, and 1,0 unit/mi. 
3. Wash: 3times for 30 sec. 
4. Wash as _ indicated in 


2.0 50 mi. saline medium 
1.5 
1.0 1.0 unit/mi 
0.5 0.5 unit/ mi 


e 
0.1 unit / ml 


30 4 60 


Minutes of washing of diaphragm 


Fic. 1. Effect of prolonged washing on isotopic insulin bound by rat diaphragm. 


2. Equilibration of Diaphragm with Low Concentrations of Insulin— 
Rat diaphragms were equilibrated for varying periods of time at low 
initial concentrations of isotopic insulin (0.0025 to 0.5 y per ml.) and the 
final concentration of insulin in diaphragm and medium determined. 
A limiting value for bound insulin in the diaphragm is reached in about 
3 hour. In three experiments out of four the concentration of the insulin 
in the tissue was greater than that in the solution phase by factors of 
about 2 to 6. The fact that a limiting value of bound insulin is attained 
indicates that there is an equilibrium between bound insulin and the 
“free” insulin in the medium. A representative of the three positive 
experiments is shown in Fig. 2. 

3. Comparison of Insulin in Blood and Tissues Following Injection— 
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When a small amount of isotopic insulin is injected intravenously into a 
rat, the tissues are in effect being equilibrated with blood containing in- 
sulin at a low concentration. Sacrifice of the animal and analysis of blood 
and tissues for isotopic insulin at the end of a suitable period of time show 
in the case of the liver and kidney concentrations of insulin 15 to 25 times 
greater than in the blood. These results are similar to those obtained 
in vitro with diaphragm. They are interpreted as having the same mean- 


ing. 


BOUND INSULIN o No Glucose 
Microgm / Gm. Muscle e 0.4% £4Glucose 
0.8 
0 
e 
0.6 
0.4 
0.2 
0 
30 60 90 
Minutes 


Fic. 2. Bound insulin in rat diaphragm following equilibration for varying peri- 
ods of time in isotopic insulin at initial concentration of 0.40 y per ml. At the pla- 
teau the ratio of concentration of bound insulin to that of the medium is 1.9. 


We believe that the findings in these three types of experiments indicate 
that the phenomenon in question is one of chemical binding. 


Methods for Varying Amount of Bound Insulin 


There are two ways in which this may be accomplished. 

Varying Concentration of Insulin in Medium-—The time of equilibration 
of the diaphragm with isotopic insulin is maintained constant, but the 
concentration is varied. The data shown in Fig. 3 were obtained by using 
two isotopic forms of insulin and are in excellent agreement. When the 
concentration of insulin is at high levels, there is a tendency for the bound 
insulin to reach a limiting value. 
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Varying Time of Equilibration—The same results are obtained if the 
concentration of isotopic insulin is maintained constant and the time of 
exposure is varied. The data (Fig. 4) show that the bound insulin in- 
ereased with time of exposure and that a saturation level tends to be 
reached as the time of exposure is prolonged. The fact that a limiting 
value tends to be reached in these experiments is taken to indicate satura- 
tion of sites of binding. ‘This is supportive proof of the occurrence of 
chemical combination. 

Effect of pH on Binding—It has been found in previous experiments 
that, as measured by its effect on glycogen synthesis, insulin combines 


Combined insulin |. Fixation period: 1! minute 
Microgm / gm 2. Wash: 30 minutes in 
2.0 50 mi of medium 
1.5 ° 
Isotope 
1.0 e lodine 


x Sulfur 35 


0.5 
x 


.¢) 0.5 1.0 1.5 2.0 2.5 3.0 


Insulin Conc. Units / ml. 


Fig. 3. Effect of varying concentration of insulin on isotopic insulin bound by 
rat diaphragm in vitro. 


with the diaphragm at pH 2 (9). This conclusion has been verified when } 
binding was measured with insulin labeled with ['. The results were 
somewhat unexpected. As shown in Table I, it was found that under 
similar conditions more insulin combined with the diaphragm at pH 2 
than at pH 7. Identical results were obtained with insulin sulfate. How- 
ever, a repetition of our previous experiments shows that glycogen syn- 
thesis of diaphragms treated similarly is the same as for controls treated 
at pH 7.0. The meaning of this anomaly is not apparent at this time. 
Variations in pH between 6.0 and 8.0 had no effect on the extent of com- 
bination of insulin with the diaphragm. 

4 Effect of Temperature—Earlier experiments have shown an increase in 
, the combination of insulin with the rat diaphragm as measured by its 
effect on glycogen synthesis with increasing temperature from 0-38°. The 
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COMBINED INSULIN 
MICROGRAM/ GRAM OF MUSCLE 


0.4. 
@ 
0.3- 
e 
0.2. 
0.1 
3 
2 3 4 5 


FIXATION PERIOD : MINUTES 
hic. 4. Effect of time of fixation period on the combination of isotopic insulin 
by rat diaphragm in vitro. Insulin concentration, 0.1 unit per ml.; washing period, 
30 minutes in 50 ml. of phosphate-saline medium. 


TABLE I 
Effect of pH on Combination of Insulin with Rat Diaphragm 
Exposure of hemidiaphragms for 1 minute at pH 7 or 2 to insulin at a concentra- 
tion of 0.1 unit per ml. (insulin labeled with I'*!).. Combined insulin determined 
after three 30 second washings followed by a 30 minute washing in 50 ml. of me- 
dium. 


| Final insulin in diaphragm 
Experiment No. 


pH 7 
y per gm | y per gm. 
1 | 0.306 | 0.407 
0.273 | 0.467 
3 | 0.331 | 0.417 
4 | 0.231 | 0.353 
Mean + s8.e.m. 0 285 U UO 411 + 0.154 


combined insulin has now been measured directly by using insulin labeled 
with radioactive sulfate. In a number of experiments under different 
conditions the amount of insulin combining with the diaphragm at 38° 
was about 2.5 times as great as that at 0°. These experiments were not 
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designed to measure true chemical equilibria and hence cannot be too 
rigidly interpreted. It is possible that the effect of temperature observed 
here may be entirely due to increase in the diffusion rate, causing the in- 
sulin to be brought more rapidly to sites of binding. 

DISCUSSION 

The measurement of radioactivity as a method for quantitative de- 
termination of substances is always accompanied by loss of specificity, 
Possibility of admixture with radioactive breakdown products or other 
biologically inactive derivatives must always be borne in mind. _ Isola- 
tion and purification, usually performed with other isotopic material, are 
difficult if not impossible for the small amounts of insulin which are found 
to be bound to tissues in these experiments. The use of two different 
radioactive insulin preparations yielding concordant results in identical 
experiments gives considerable assurance of validity of conclusions but 
never complete certainty. There are some disadvantages in the use of 
the present preparations which are derivatives of insulin, since one cannot 
assert that their behavior is identical with that of unaltered insulin. But 
it must be pointed out that the difficulties mentioned here are not com- 
pletely avoided by the use of preparations containing, for example, C# 
or $5, in the unaltered insulin molecule. The possibility that radioactive 
sulfate or iodide ion may be split off by enzymatic reactions in the tissues 
must always be considered. In the intact animal the red blood cells are 
convenient osmometers to determine whether or not this occurs following 
injection of isotopic insulin. In such injection experiments radioactivity 
does not appear in the red cells following injection of the isotopic insulin, 
but does appear when isotopic sulfate or iodide is injected. This we take 
to mean that the enzymatic splitting off of these radicals from the isotopic 
insulin does not occur or occurs to such a small extent as not to invalidate 
the use of the preparations. 

The results reported in this paper are in agreement with our previous 
experiments in which we measured binding by the metabolic effect of the 
bound insulin on characteristic reactions of rat diaphragm, adipose tissue, 
and lactating mammary gland. In subsequent papers we will report ex- 
periments showing that the biological activity of the insulin is a function 
of the quantity bound. 

The sum of this evidence further strengthens our previous conclusion 
that insulin is bound by chemical bonds of as yet undetermined character 
to tissue at sites in close association with if not part of enzymatic systems. 
The system thus formed is a new one in the sense that the metabolic ac- 
tivity may differ qualitatively as well as quantitatively from the original 
system. Such systems appear to be influenced by other hormones and 
their behavior appears to be at the core of the problem of insulin action. 
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SUMMARY 


1. Methods for the preparation and quantitative determination of in- 
sulin labeled with S** and I'*! are described. 

2. The binding of these radioactive insulin preparations to rat dia- 
phragms under a variety of experimental conditions has been determined. 

3. Types of experiments indicating that the combination is of chemical 
character are reported. 

4. The significance of the findings is discussed. 
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RELATION BETWEEN GLYCOGEN CONTENT AND 
SYNTHESIS OF FATTY ACIDS BY RAT LIVER* 


By ELLA S. HAUGAARDft ann WILLIAM C. STADIE 


(From the John Herr Musser Department of Research Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, July 7, 1952) 


The synthesis of fatty acids in Mammalia is influenced by the ante- 
cedent dietary regimen. For example, it is altered by fasting in the in- 
tact rat (1, 2), and Lyon et al. (3) found that the isolated liver from rats 
fasted 18 hours utilized little or no acetate for fatty acid synthesis. Prior 
administration of glucose several hours before sacrifice restores the synthe- 
sis to normal. The conversion of C'-glucose to fatty acids by rat liver 
slices is greatest when the rat has been fed a high carbohydrate diet (4) 

Since the glycogen content of the liver is influenced by diet, we studied 
the incorporation of C™-acetate into the fatty acids of liver slices prepared 
from rats fed low and high carbohydrate diets. The results of these ex- 
periments are reported here. 


Methods 


Male albino rats of the Wistar strain (about 150 gm.) were fed ad lib- 
itum on a diet of standard rat food with or without addition of extra 
carbohydrate in the form of whole wheat bread 1 day before an experi- 
ment. There was considerable variation in concentration of the liver 
glycogen of both groups of animals; hence livers with a wide range of glyco- 
gen concentration were obtained for the experiments. The rats were 
killed by decapitation and liver slices prepared with a Stadie-Riggs tis- 
sue slicer. The initial glycogen was determined on samples from differ- 
ent lobes. The liver slices were equilibrated (3 hours at 38°) in 20 ml. 
of Krebs-Ringer bicarbonate buffer (pH 7.4) containing radioactive ace- 
tate (0.005 mM, 10,000 ¢.p.m. per mg. of ©). The gas phase was 95 per 
cent Os-5 per cent COs. Fatty acids were isolated by a method similar 
to that used by Brady and Gurin (5). In addition, the saturated fatty 
acids were precipitated as a urea complex (6). This was decomposed in 
8 N HCl, fatty acids were extracted with petroleum ether, and the traces 


* The work reported in this paper was supported in part by grants from the Na- 
tional Institutes of Health, United States Public Health Service, and the C. Mahlon 
Kline Fund of the Department of Medicine of the University of Pennsylvania. 

t The data in this paper are taken from a thesis presented to the Faculty of the 
Graduate School of the University of Pennsylvania by Ella S. Haugaard in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy. 
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of acid and urea removed by washing with water. The fatty acids dis- 
solved in petroleum ether were plated on lens paper mounted on alumi- 
num planchets. Samples were counted with an end window Ceiger- 


RADIOACTIVITY OF LIVER FATTY ACIDS 


CPM / MG C 
120. 
100 - 
80. 
60. e 
e 0.173 t 0.0487 
N 14 
40. t = 3.55 
0.001 <P 
20. 
e 


100 200 300 400 #4500 600 
INITIAL GLYCOGEN CONCENTRATION, uM( AS GLUCOSE) 
PER GRAM OF LIVER 
Fic. 1. Relationship between initial concentration of glycogen and incorporation 
of radioactive acetate into fatty acids in liver slices. Fatty acids isolated from rat 
liver slices equilibrated for 3 hours at 38° in bicarbonate buffer (pH 7.4) contain- 
ing 1-C'*-acetate. Gas phase, 95 per cent Oo-5 per cent CO». 


TABLE I 


Relation between Initial and Final Glycogen Content of Liver and Incorporation of 
Radioactive Acetate into Liver Fatty Acids in Vitro 


Initial Final _ Disappearance 
uM per gm. | uM per gm. uM per gm. p.m. per mg. C 
l 522 197 | 325 111 
2 497 200 | 297 92 
3 437 | 188 | 249 102 
4 351 46 305 | 28 
306 65 | 241 34 
6 198 | 29 | 169 | 15 


For the conditions of equilibration, see the text. Duplicate glycogen determi- 
nations made initially and after 3 hours of incubation. Fatty acids isolated at the 
end of the 3 hours equilibration. 
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Miller counter. The observed specific activity was calculated assuming 
the fatty acids to be stearic acid and corrected to a standard thickness of 
0.23 mg. of carbon per sq. cm. Self-absorption correction factors were 
experimentally determined. Duplicate determinations of radioactivity 
were carried out and agreed within 5 per cent. Glycogen was determined 
by a slight modification of the method of Good, Kramer, and Somogyi (7). 


Results 


In Fig. 1 are plotted data showing the incorporation of acetate into 
fatty acids as a function of the initial glycogen content of the liver slices. 
There is a significant increase in fatty acid synthesis from acetate with 
increasing glycogen content. In some experiments (Table I) glycogen 
was determined initially and at the end of the 3 hour incubation period. 
These data show that there is extensive breakdown of glycogen during 
the equilibration period, even when the initial glycogen is low. When 
it is high, considerable glycogen remains in the slice at the end of the ex- 
periment and the incorporation of acetate into fatty acids is high. 


DISCUSSION 


The highly significant positive correlation between glycogen content 
and fatty acid synthesis emphasizes the close relationship existing between 
carbohydrate and fat metabolism. An inverse relation between glycogen 
concentration and the production of ketone bodies has been shown by 
Blixenkrone-Mgller (8) in his studies of the metabolism of the perfused 
cat liver. These findings are examples of the changes in metabolic path- 
ways which are produced by alteration of the nutritional state of the ani- 
mal. 

These data are in accord with those of Boxer and Stetten (1) on fat 
formation in the intact rat. They found that, although dietary carbo- 
hydrate is rapidly converted to glycogen in the liver of the’ previously 
fasted rat, formation of fatty acids is slow compared to that in fed rats. 
It appears that the carbohydrate stores of the liver must be replenished 
before fat synthesis can take place at a maximal rate. 

A relationship between glycogen content and fat synthesis has also been 
demonstrated in adipose tissue. It was found that high R. Q. values, 
indicative of fat synthesis, were obtained in strips of brown adipose tissue 
only if glycogen was present (9). It was also noted that glycogen deposi- 
tion preceded fat deposition in adipose tissue (10). 

Several explanations may be offered for the relationship between glyco- 
gen content and ability of liver tissue to synthesize fatty acids from ace- 
tate. It may be that the energy derived from glycolysis is utilized for 
fatty acid synthesis, or that the incorporation of acetate into fatty acids 
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requires the simultaneous utilization of a metabolite formed during the 
breakdown of glycogen. On the other hand the concentration of glycogen 
per se may have no direct effect on the ability of the liver to synthesize 
fatty acids. Both the increased glycogen content and the increased abil- 
ity of the liver of a well fed rat. may be a reflection of a change in the 
enzymatic pattern of the liver cell, possibly related to the hormonal bal- 
ance of the animal. It is known that the fasted animal exhibits a reduced 
tolerance for glucose and increased ketogenesis, changes similar to those 
brought about by pancreatectomy. 


SUMMARY 


The glycogen content of rat livers was altered over a wide range by 
varying the antecedent diet. The rate of incorporation of C™-acetate 
into fatty acids by slices of such livers was determined. A ‘significant 
positive correlation was found between the initial concentration of glycogen 
and the ability of the slices to synthesize fatty acids from acetate. 
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SUBSTRATE ACTIVATION IN THE SYNTHESIS OF PHENYL 
SULFATE* 


By SHELDON BERNSTEIN? anno R. W. McGILVERY 


(From the Department of Physiological Chemistry, University of Wisconsin Medical 
School, Madison, Wisconsin) 


(Received for publication, July 14, 1952) 


In a recent communication,! conditions were described for the study 
of the anaerobic enzymatic synthesis of m-aminophenyl sulfate from the 
corresponding phenol and inorganic sulfate, with adenosinetriphosphate 
(ATP) as the energy donor. It wasnot clear whether ATP served to create 
an active form of the phenol which could be a common precursor in either 
sulfate or glucuronide formation, or whether the inorganic sulfate was the 
primary reactant, implying a separate mechanism for the two conjugations. 
This question is now resolved. 

When the enzyme was incubated in a medium containing inorganic sul- 
fate, ATP, and Mgtt, but not m-aminophenol, there was an accumulation 
of some intermediate, which manifested itself by an initial rapid conjuga- 
tion when m-aminophenol was added (Fig. 1, Curve B as compared to 
Curve A). If, during the preincubation without the phenol, either the 
ATP or the Mgt+ was omitted, the effect did not appear and the synthesis 
proceeded at the same rate as in the experiment without preincubation 
(Curves C and D). 

In a second experiment, the enzyme was first dialyzed 24 hours against 
0.005 M cysteine to reduce the concentration of inorganic sulfate. While 
this dialysis resulted in a loss of half of the activity, it enabled preincuba- 
tion at low levels of inorganic sulfate. The data are not given, because 
they resemble those of Fig. 1. When the phenol was preincubated in the 
presence of ATP and Mgt+ for 30 minutes before the addition of inorganic 
sulfate, no activation occurred, and curves similar to Curves C and D of 
Fig. 1 resulted. Curves obtained by repeating experiments with the di- 
alyzed enzyme (Curves A and B) showed the same phenomena as did the 
illustrated experiments obtained with the non-dialyzed preparation, thus 
demonstrating that failure to obtain activation of the phenol was not due 
to damage of the enzyme by dialysis. 


* This investigation was supported in part by a grant from the Wisconsin Alumni 
Research Foundation. 

t Predoctoral Research Fellow of the National Institutes of Health, United States 
Public Health Service. Present address, The Upjohn Company, Kalamazoo, Michi- 
gan. 

' Bernstein, S., and MeGilvery, R. W., J. Biol. Chem., 198, 195 (1952). 
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In general, in all of several experiments, the accelerated rate of synthesis 
was obtained only when inorganic sulfate was present for an initial period 
in the absence of the phenol, and it is the sulfate that is apparently acti- 
vated by ATP. Evidence is available pointing to some additional com- 
ponent obtained from the enzyme preparation in the structure of the active 
intermediate. It was found that the partially purified enzyme is only 
moderately sensitive to fluoride, the rate of synthesis being reduced one- 
half by 0.01 Mm NaF. However, preincubation with sulfate prior to phenol 
addition in the presence of fluoride gave a curious and unexpected result 
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J 
6) 20 40 60 
MINUTES 
Fig. 1. Enzymatic activation of inorganic sulfate by ATP. Curve A, all com- 
ponents incubated from zero time; Curve B, m-aminophenol added after 30 minutes; 
Curve C, m-aminophenol and ATP added after 30 minutes; Curve D, m-aminophenol 
and Mg** added after 30 minutes. 


(Fig. 2) if the ATP level was lowered to 0.003 m. The addition of the 
phenol produced a rapid conjugation which slowed to an almost complete 
halt and then proceeded at about the same rate as the control. 

In addition to the presence of an inflection, its constant level at various 
preincubation times and the decrease in the initial slope at increased pre- 
incubation times require explanation. The experiments presented in Figs. 
1 and 2 indicate the presence of at least two enzymes, one which activates 
sulfate with ATP and is rate-limiting and fluoride-sensitive, together with 
a second enzyme which condenses the active intermediate with m-amino- 
phenol and is unstable to incubation as indicated by the decreasing initial 
slopes. The existence of the inflection suggests a delay for building up the 
concentration by a fluoride-sensitive process of a substrate for a step with 
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a relatively high K, and —AF. The same initial delay is present in all 
experiments without preincubation with sulfate in the absence or presence 
of fluoride (Curves A, C, and D Fig. 1; Curve A Fig. 2). This, together 
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Fic. 2. Effect of fluoride on the activation of inorganic sulfate. All the com- 
ponents except m-aminophenol were incubated with 0.01 mM NaF. The phenol was 
added at zero time (Curve A), and after 15 minutes (Curve B), 30 minutes (Curve C), 
and 45 minutes (Curve D), respectively, to the separate tubes. 
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Fig. 3. Effect of enzyme concentration on the activation of inorganic sulfate in 
the presence of fluoride (0.01 m NaF in all tubes). Curve A, complete system in- 
cubated from zero time with 0.2 ml. of enzyme; Curves B, C, and D, m-aminophenol 
added after 30 minutes incubation to tubes containing 0.1, 0.2, and 0.3 ml. of enzyme, 
respectively. The enzyme contained 10 mg. of protein N per ml. 


with the constant level of the inflection, indicates that a component added 
with the enzyme is present in the intermediate and its concentration is 
limiting both the final level of the intermediate and its rate of formation 
at the beginning of the incubation of the complete system, ‘This concept 
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is supported by experiments in which reduction of the enzyme concentra- 
tion by half lowered the inflection level by half and increase in the concen- 
tration by half almost eliminated the inflection (Fig. 3). 

Calculations based on the protein content show that the enzyme could 
not be a component of the intermediate without exhibiting an extraordinary 
polyvalency. More probable is the participation of a simpler cofactor 
which is not coenzyme A. Preparations of the latter coenzyme, kindly 
supplied by Dr. David Green, either had no effect or, at higher concentra- 
tions, inhibited the reaction. Further speculation is not warranted at this 
time. 


EXPERIMENTAL 


The enzyme preparation was partially purified by ammonium sulfate 
fractionation and the incubations and analyses were conducted as de- 
scribed previously.! In the final incubation medium, the concentration of 
m-aminophenol was 0.001 m, of K.SO, 0.015 mM, and of ATP 0.005 » in ex- 
periments without fluoride and 0.003 when 0.01 Mm NaF was present. 


SUMMARY 


An enzymatic activation of inorganic sulfate by ATP as a preliminary 
step for the conjugation with m-aminophenol is described. 
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PYRUVIC OXIDASE OF PIGEON BREAST MUSCLE* 
Ill. FACTORS INFLUENCING ENZYMATIC ACTIVITY 


By RICHARD 8. SCHWEETT ann KATHERINE CHESLOCK 
(From the Institute for Enzyme Research, University of Wisconsin, Madison, 
Wisconsin) 

(Received for publication, June 30, 1952) 


Previous papers of this series (1, 2) have dealt with the purification of 
the pyruvic oxidase and its physical properties. In this communication 
some of the factors involved in the oxidation of pyruvate with ferricyanide 
or oxygen as electron acceptors and the function of the pyruvate-pyruvic 
oxidase system as ‘“‘acetyl donor’! are discussed. 


EXPERIMENTAL 
The enzyme preparations and other materials used in these studies have 
been described. Unless otherwise noted, the standard ferricyanide system 
was used to measure activity (1). 
The Dowex 1 was prepared according to Chantrenne and Lipmann (3). 
Intestinal phosphatase and crystalline trypsin were purchased from Ar- 
mour and Company. 


Results 
Requirements for Oxidation of Pyruvate in Ferricyanide System 


" Réle of Coenzyme A and DPN?*—In earlier communications (4, 5), evi- 


dence was presented that added DPN and CoA had no effect on the rate 
of oxidation of pyruvate in the ferricyanide test system. The possibility 
was open, however, that these coenzymes were present in the oxidase in 
bound form. Treatment with Dowex 1 (3) for the purpose of removing 
CoA does not change the specific activity of the enzyme, although some of 


* This investigation was supported by grants from the National Heart Institute 
of the United States Public Health Service, the Commonwealth Fund, and the Wis- 
consin Alumni Research Foundation. 

t Postdoctoral trainee of the National Heart Institute, National Institutes of 
Health. Present address, Kerckhoff Laboratories of Biology, California Institute of 
Technology, Pasadena, California. 

1 A preliminary report of these studies was presented in part at the 118th meeting 
of the American Chemical Society, Chicago, 1950, and in part at the Symposium on 
Phosphorus Metabolism, Baltimore, 1951. 

? The following abbreviations are used: CoA, coenzyme A; DPN, diphosphopyri- 
dine nucleotide; ATP, adenosinetriphosphate; SAM, sulfanilamide, Tris, tris(hy- 
droxymethyl)aminomethane; POF, pyruvate oxidation factor. 
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the enzyme is lost during the procedure. Addition of CoA and DPN to 
the treated enzyme does not increase the activity (Experiment 2, Table I), 

There was only slight loss of activity when the enzyme was treated with 
intestinal phosphatase (Experiment 3, Table I) to decompose bound DPX 
(6). This slight inactivation, as well as the complete loss of activity pro- 
duced by incubation of the enzyme with trypsin, was not reversed by DPN 


and CoA. 


As a third approach, samples of pyruvic oxidase were hydrolyzed and 
tested for the presence of niacin, pantothenic acid, and riboflavin by micro- 
biological assay.* Pantothenic acid was assayed by the method of Neil- 


TaBLe [ 
Effect of Dowex and Phosphatase 
When CoA and DPN were added, the amounts were 50 y and 1.0 mg., respectively, 
per3 ml. The treatment with intestinal phosphatase (Experiment 3) was in 0.02 
Tris buffer, pH 8.0, incubated 1 hour at 30°. Separate aliquots of enzyme were used 
for each treatment. The standard ferricyanide assay was used to measure activity. 


aunt Treatment | Total activity | Specific activity 
| units 
1 _ None | 160 6.3 
| After Dowex | 110 6.0 
+ DPN 100 | 
“4 both | 110 
3  jneubation, with phosphatase 115 
Above + CoA + DPN | 110 | 
After incubation, control without phos- 
phatase 120 
Above + CoA + DPN | 123 


ands and Strong (7), niacin by the method of Snell and Wright (8), and 
riboflavin according to the standard procedure (9). The purest prepara- 
tions of pyruvic oxidase (specific activity of 40 to 45) contained 0.0005 per 
cent niacin, 0.001 per cent pantothenate, and 0.003 per cent riboflavin. 
Assuming a molecular weight of 4 & 10° for the pyruvic oxidase (2), it can 
be calculated from these percentages that 1 mole of oxidase contains 0.2, 
0.2, and 0.5 moles of niacin, pantothenate, and riboflavin respectively. 
These amounts of bound vitamins are probably associated with contami- 
nating proteins of small molecular weight in the oxidase preparations. 
Unequivocal evidence for the absence of bound DPN and CoA is available 
from dismutation experiments (5, 10, 11) in which there is an absolute 
requirement for both CoA and DPN. All these lines of evidence appear 


3 These assays were performed by Dr. L. J. Teply of this laboratory and by Dr. 
Carl Krieger, Wisconsin Alumni Research Foundation. 
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to exclude CoA and DPN as factors involved in the interaction of the 
pyruvic oxidase system with ferricyanide, methylene blue, or oxygen. 

Most preparations of pyruvic oxidase contain material which absorbs at 
260 my (the ratio of absorption at 280 my to that at 260 my varies from 
1.3 to 1.5). Extracts of dialyzed enzyme made with hot trichloroacetic 
acid (12) and perchloric acid (13) contained material with an absorption 
maximum at 260 muy, ribose, and phosphate. The ribose values (13) on a 
molar basis were higher than values based on the 260 my absorption with 
the extinction coefficient of nucleic acid (13). Essentially the same analyt- 
ical values were obtained by extraction with dilute acid rapidly in the cold. 
It is concluded that the enzyme preparations contain small and variable 
amounts (0.50 to 2.34 per cent based on the ribose content) of nucleotide 
type impurity. The nitrogen content (14) was 16 + 0.8 per cent of the 
dry weight. There was no phospholipide present (15). 

Requirement for Cocarboxylase—The usual standard preparations of pyru- 
vic oxidase are completely inactive in the absence of added cocarboxylase. 
This is true even in the first crude fractions. Full reactivation is achieved 
at a cocarboxylase concentration of 7 K 107° mM. Other coenzymes are 
inactive and do not increase the activity when added with cocarboxylase. 

Occasional preparations, however, show some activity in the absence of 
cocarboxylase. This observation was made when, during the usual purifi- 
cation procedure (1), the precipitate at pH 5.9 (Step 5) contained a large 
fraction of the total enzyme activity, although this fraction is normally 
discarded. These precipitates could not be further purified in the usual 
way and their activity was increased only 4 times by added cocarboxylase. 
Further, they could be activated in a non-specific manner by certain co- 
enzymes, inorganic phosphate, and serum albumin almost as completely as 
by cocarboxylase. These observations suggest that cocarboxylase is pres- 
ent in the enzyme preparations in these atypical cases. The non-specific 
activation appears to be due to stabilization, as in the case of a-ketoglutaric 
oxidase (16). These non-specific activation effects are not found, however, 
with the usual highly purified preparations. The conditions which remove 
cocarboxylase in the first stages of the typical isolation procedure have not 
been studied. 

Requirement for Mg Ion-——A large number of oxidase preparations of high 
purity have been assayed, and their enzymatic activity was quite regularly 
doubled by the addition of Mg ion. Manganese duplicated this effect but 
copper and zinc ions were strongly inhibitory. Mg ion has, therefore, been 
included in the standard assay system (1). Attempts to prepare pyruvic 
oxidase in a form which was inactive without added Mg ion were unsuccess- 
ful. These studies included dialysis procedures and the use of metal-bind- 
ing agents, such as pyrophosphate, cyanide, 8-hydroxyquinoline, histidine, 
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and fluoride. None of these produced any inhibition unless Mg ion was 
added, but the stimulation by added Mg ion was abolished by pyrophos- 
phate, fluoride, and 8-hydroxyquinoline at appropriate levels. 

Some light on the conditions necessary for showing a complete depend- 
ence of activity on Mg ions has come from studies of fresh muscle prepara- 
tions. In contrast to preparations made from tissue which has been frozen 
for some time prior to use (1), preparations from freshly killed pigeons, 
purified in the usual way, have a low total activity and attain a specific 
activity rarely higher than 15 to 20. ‘These low potency preparations can 
be activated by the addition of the precipitate formed in Step 3 or 5 (see 


TaBLeE II 
Activation of Fresh Muscle Preparation 


The complete incubation mixture contained the usual assay constituents plus 
0.2 ml. of activator which was added before the enzyme. The oxidase enzyme used 
was 8 mg. per flask of a fresh muscle extract taken through the regular purification 
procedure. After 20 minutes, including temperature equilibration, the constituents 
needed for the complete assay system were added either directly or tipped in with 
the ferricyanide. 


Incubation mixture Assay mixture —Activity 

unils 

l Complete Complete 360 

No activator 150 

Complete, boiled activator 93 180 

Activator alone, no enzyme No oxidase 10 

2 No pyruvate, no cocarboxylase | Complete 345 

‘* Mg ion | 4 170 

3 No Mg ion 50 

| activator 45 


Experiment 1, Table II). The “‘activator” fractions are washed to remove 
residual traces of pyruvic oxidase activity and stored at 4° as a thick sus- 
pension. The protein containing the stimulating activity can also be pre- 
pared in a soluble form, but is then extremely labile. At 4° the activating 
power is lost in 48 hours and at 50° in 10 minutes. The activity is not 
dialyzable. Addition of these activator fractions to purified pyruvic oxi- 
dase of frozen muscle results only in a slight increase of activity. 

The activation is a time-dependent reaction, maximal potency being 
reached when the constituents of the assay are incubated together for 20 
minutes prior to the addition of ferricyanide. No further activation en- 
sues in the presence of ferricyanide, since the reaction rate is linear for 30 
to 40 minutes after the ferricyanide is added, irrespective of the prelim- 
inary ineubation time. The activation effect is specifically dependent on 
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incubation with Mg ion (Experiment 2, Table II), and, if Mg ions are 
added simultaneously with ferricyanide, no activation is observed. Incu- 
bation with Mg ion alone is as effective as with the complete system. If 
Mg ion is omitted from the incubation mixture and from the assay mixture 
(Experiment 3), the observed activity is only 15 per cent of that in the 
complete system, and the addition of activator is without effect. 

These studies show that pyruvic oxidase prepared from extracts of fresh 
muscle is almost completely dependent on added Mg ion, whereas the ac- 
tivity of the usual purified preparations of the oxidase obtained from frozen 
muscle is only doubled by magnesium ions. 

Pyruvate Oxidation Factor—Samples of pyruvic oxidase of various purity 
levels were dialyzed and then hydrolyzed in an autoclave in 2 N sulfuric 
acid for 1 hour. The POF (17) content was then assayed‘ by the method 
of Lytle and O’Kane (18) with a protogen solution® as standard. 

The amount of POF per unit protein increased from 212 protogen units 
per mg. of protein to 1180 when samples of pyruvic oxidase with specific 
activities ranging from 10.2 to 36.0 were tested. Concomitantly, the ratio 
of protogen units to units of pyruvie oxidase only changed from 21 to 37. 
These data suggest that POF is a part of the pyruvic oxidase molecule. 
Further evidence is afforded by the amount of this factor which is found; 
eg., 1 protogen unit per microgram of protein at the highest purity level 
tested. Attempts to prepare pyruvic oxidase in a form which would be 
reactivated by boiled extracts have been unsuccessful. 

The factor is tightly bound, since unhydrolyzed samples show no activity 
in the assay, and boiled extracts, tested after hydrolysis, have only 25 per 
cent of maximal activity. 


Acetyl Transfer 


Since acetyl] CoA could not be an intermediate in pyruvate oxidation 
under the conditions of the ferricvanide test system, and no phosphoryl- 
ated products were detected (1), experiments were devised to test the pos- 
sibility that active acetyl could be formed under other test conditions. 

The results of such an experiment® are shown in Table III. The ‘“‘ac- 
ceptor”? system was the pigeon liver preparation of Kaplan and Lipmann 
(19) which catalyzes the acetylation of SAM. Experiment 1 refers to the 
usual acetate-ATP donor system in which active acetyl is generated by 


‘The assays reported here were performed by Dr. L. J. Teply of this laboratory. 
We are also indebted to Dr. E. E. Snell of the Department of Biochemistry for pre- 
liminary assays which suggested these studies. 

* Kindly furnished by Dr. T. H. Jukes, Lederle Laboratories Division, American 
Cyanamid Company. 

* These experiments were performed by Dr. Jesse C. Rabinowitz of this laboratory. 
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ATP and CoA. It can be seen from Experiment 2 that the pyruvate- 
pyruvic oxidase system, in the absence of ATP, acetylates SAM more 
efficiently than does the acetate-ATP donor system. Although the con- 


ditions of these experiments were not optimal for pyruvate oxidation, by 


increasing the concentration of SAM to 10 uM it was possible to form as 


much as 410 y of acetyl-SAM. 

Preparations of aged and dialyzed pigeon liver enzyme show little acety- 
lation in the absence of pyruvate or pyruvic oxidase. The acetylation 
observed when pyruvate is used as acety! donor is not due to the inter- 
mediate formation of ATP, since added ATP does not stimulate the system, 


Ill 
Acetylation of Sulfanilamide 


The basal system contained dialyzed pigeon liver acetone powder, 70 y of sulfanil- 
amide, 10 units of CoA, 10 um of cysteine, and 40 um of phosphate buffer; final pH 7.0; 
final volume 1.2 ml.; incubated 3 hours at 37°. Where indicated, 10 um of sodium 
acetate and 5 wm of ATP were added. The complete system consisted of the basal 
(no acetate or ATP) plus pyruvic oxidase, 10 units of specific activity 20, 10 us of 
lithium pyruvate, 44m of magnesium chloride, and 200 y of cocarboxylase. 


Experiment No. Components SAM acetylated 
l Basal 3 
acetate 3 
‘* + ATP, no acetate | 10 
+ acetate 49 
2 Complete 70 (100 %) 
3 minus pyruvic oxidase 5 
CoA 5 
pigeon liver enzyme 5 


and attempts to show phosphate uptake or ATP formation during pyruvate 
oxidation have been negative. Added phosphate does not stimulate pyru- 
vate oxidation in the usual assays, even when precautions are taken to keep 
the phosphate content extremely low. The acetylation is completely de- 
pendent upon added CoA and the acceptor enzymes (Experiment 2, Table 
III), once again indicating the absence of this coenzyme from the oxidase. 
However, some crude but soluble fractions of pyruvic oxidase show an ap- 
preciable acetylation of SAM in the absence of pigeon liver enzyme, which 
suggests the presence of acetyl transfer enzymes in the pigeon breast mus- 
cle extracts before purification. 


DISCUSSION 


The data presented lead to the accompanying formulation of the oxida- 
tion of pyruvate in this system. 
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Reaction 1 summarizes several steps which have been discussed previ- 
ously (5). Reactions | and 2 are catalyzed by purified pyruvic oxidase 
preparations (1, 2) in the presence of dyes or oxygen as the electron ac- 
ceptors. The existence of a high energy intermediate in pyruvate oxida- 

(2) 


Pyruvate A), acetyl ~ enzyme ——> acetate + enzyme 
(5) 


Acetyl ~ CoA —-—> acetate + enzyme 
| SAM 
Acety| SAM 


tion is inferred from the fact that acetyl-SAM (Reaction 4) and acety!|~P 
(11) are formed in the absence of ATP when appropriate acceptor systems 
and CoA are added to the pyruvic oxidase. 

This primary acetyl intermediate could be an acetyl! ~enzyme complex, 
as shown in the scheme, or acety]l~CoA (20). Since acetate is formed in 
the absence of CoA and DPN (with dyes or oxygen as electron acceptors), 
the former seems more likely. This postulated intermediate might also 
exist in those bacterial systems in which CoA apparently plays no part in 
pyruvate oxidation (3, 21). The specific primary intermediate may be 
postulated as an acety|~POF-enzyme complex with the ‘‘acetyl’’ linked 
to sulfur (22, 23) as in acetyl~CoA (24). This interpretation assumes 
that the first stages of pyruvate oxidation are the same with ferricyanide, 
dyes, and oxygen as with DPN and CoA. Formation of acetyl ~CoA as 
the primary product when CoA is present is not excluded, particularly 
since the electron acceptor in the sulfanilamide acetylation system is not 
definitely known. 

The direct reduction of DPN, catalyzed by purified pyruvic oxidase 
preparations, with the formation of acetyl~CoA has been reported by 
Sanadi and Littlefield (25). As formulated here, this would indicate that 
Reaction 3 is catalyzed by pyruvic oxidase. A separate ‘‘deacylase’’ en- 
zyme catalyzes Reaction 5 (11). The mechanism of Reaction 2 is not clear. 


SUMMARY 


1. CoA and DPN are not required for the oxidation of pyruvate cata- 
lyzed by purified pyruvic oxidase preparations with dyes or oxygen as 
oxidants. 

2. The pyruvate-pyruvic oxidase system can be used to form acetylsulf- 
anilamide when appropriate acceptor systems and CoA are added. 

3. Cocarboxylase and Mg** participate in the oxidation. 

4. The purified oxidase contains bound “‘pyruvate oxidation factor.” 
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5. A formulation of the pathway of pyruvate oxidation based on these 
findings is discussed. 


It is a pleasure to acknowledge the interest and advice of Dr. David E, 
Green in this work. We are also indebted to Dr. Venkataraman Jagan- 
nathan fur valuable suggestions and participation in the earlier phases of 
this work. 
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STUDIES ON COPPER METABOLISM 
IV. THE INFLUENCE OF COPPER ON THE ABSORPTION OF IRON* 


By M. 8. CHASE,t CLARK J. GUBLER, GEORGE E. CARTWRIGHT, 
AND MAXWELL M. WINTROBE 
(From the Department of Medicine, University of Utah College of Medicine, 
Salt Lake City, Utah) 


(Received for publication, July 17, 1952) 


In a previous paper in this series (1), evidence was presented that the 

absorption of iron from the gastrointestinal tract of swine deficient in cop- 
per is markedly reduced. This conclusion rests, in part, on the observa- 
tion that in copper-deficient pigs fed the same quantity of either natural 
or radioiron for the same period of time as litter mate controls there was 
less iron absorbed, natural or isotopic, by the copper-deficient animals as 
indicated by the amount of iron in the blood, liver, kidney, spleen, and 
heart. 
It is generally recognized that the extent of iron absorption can be de- 
termined most accurately and reliably by measuring the total body content 
of radioiron following the oral administration of the isotope (2). The ob- 
servations in swine, referred to above, are subject to criticism because, for 
obvious technical reasons, the total body content of the isotope could not 
be measured. 

The purpose of the present paper is to record the results of studies on 
the total body radioiron of male albino rats fed radioiron and different 
amounts of copper by mouth. A preliminary report of this work has been 
published (3). 

Methods 


Animals and Diet-—-A total of 165 male weanling albino rats of the 
Sprague-Dawley strain, weighing 35 to 50 gm., were used in this study. 
They were housed in individual galvanized iron cages. The basal diet 
consisted of canned evaporated milk mixed 1:1 with distilled water, which, 
after mixing, contained between 0.05 and 0.09 mg. of copper per liter. 
When an experiment involved copper-deficient animals, the daily milk in- 
take of control groups receiving copper was restricted in order to keep the 
average body weight of all groups approximately equal. 


* Aided by a grant from the United States Atomic Energy Commission, with the 
University of Utah (contract No. AT(11-1)-82). 

t Postdoctoral Fellow of the Atomic Energy Commission in the Medical Sciences 
(1949-52). Present address, Seattle Veterans Administration Hospital, Seattle, 
Washington. 
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A solution of ferrous chloride was prepared from iron! which was spec- 
troscopically free of copper. All animals were given the daily equivalent 
of 0.5 mg. of iron. <A solution of cupric chloride was prepared from ana- 
lytical grade copper pellets. The animals were given a copper supplement 
as indicated below under ‘‘Results.’”’ The inert iron and copper supple- 
ments were administered on alternate days by adding them to a small 
portion of the diet. 

A ferrous chloride solution containing Fe** activity was prepared from 
an irradiation unit? and the inert ferrous chloride solution described above. 
When the radioiron solution was substituted for inert iron, it was adminis- 
tered by stomach tube, as was the copper when this was given. The 
radioiron solution was given in such amounts that each animal received 
0.5 mg. of iron daily. 

Digestion of Whole Rat—The carcass of each rat was placed in a 1000 ml. 
beaker, and 100 ml. of concentrated nitric acid and 25 to 30 ml. of distilled 
water were added. The beaker was allowed to stand in an oven at 37° 
overnight. The solution was then boiled gently with a few glass beads 


until clear and allowed to cool at room temperature until the fatty layer 


had solidified. The liquid portion was passed through iron-free glass wool 
in a 60 ml. funnel into a 200 ml. volumetric flask. By the use of a glass 
rod with a rubber policeman, the fat was washed 3 times with small por- 
tions of redistilled water and the washings added to the flask. The con- 
tents were then diluted to the mark. The fatty layer was discarded. 

Determination of Radioactive Iron Content of Whole Rat—The method 
previously reported from this laboratory was used (2). The samples were 
counted for a minimum of 4096 counts with a thin mica end window Geiger 
tube (counting efficiency 17 per cent). The geometry was kept constant 
and appropriate corrections made for background and coincidence loss. 
The standard, consisting of a small portion of the radioiron to be admin- 
istered, was electroplated and counted in the same manner as the tissue 
samples. 

Determination of Total Body ITron—A 25 ml. aliquot of the nitric acid 
solution of the whole rat was pipetted into a 100 ml. Kjeldahl flask to which 
were added 10 ml. of concentrated nitric acid, 5 ml. of 70 per cent per- 
chlorie acid, and a few glass beads. The mixture was digested and evapo- 
rated by boiling until the residual perchloric acid solution was colorless. 
Occasionally, the addition of another 3 to 4 ml. of perchloric acid was neces- 


1 Carbonyl iron powder, grade Rx (93 per cent iron), obtained from Antara Prod- 
ucts, General Aniline and Film Corporation, 444 Madison Avenue, New York 22. 

? Irradiation unit containing 17 gm. of Fe in the form of iron carbonyl with 1 me. 
of Fe®*® and 0.9 mc. of Fe® activity; obtained on allocation from the United States 
Atomic Energy Commission. 
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sary to prevent drying of the residue. The flask was cooled and 15 ml. 
of redistilled water were added. This was followed by heating to dissolve 
any perchlorate precipitate formed. The contents were then transferred 
quantitatively to a 25 ml. volumetric flask and diluted to the mark with 
redistilled water (Solution A). 

A 1.0 ml. aliquot of Solution A was diluted to 25 ml. with redistilled 
water, and 2 ml. of the latter solution were used for the iron analysis ac- 
cording to the method of Gubler et al. (1). 

Determination of Total Body Copper—A modification of the method of 
Gubler et al. (4) was used for the determination of copper. A 5 ml. aliquot 
of Solution A above was pipetted into a 50 ml. test-tube and 8.0 ml. of a 
saturated sodium citrate solution, 5.0 ml. of a saturated sodium pyrophos- 
phate solution, and 1.0 ml. of concentrated ammonium hydroxide were 
added, with mixing after each addition. The optical density of the final 
solution was then read in an Evelyn photoelectric colorimeter with a 440 
mu glass filter. 1 ml. of a 0.1 per cent solution of sodium diethy! dithio- 
carbamate was added and the solution read again immediately after mix- 
ing. The optical density due to the copper was taken as the difference 
between these two readings. Occasionally after the addition of the car- 
bamate solution, a cloudiness appeared in the colorimeter tube which in- 
terfered with the measurement. In such instances, all the reagents were 
added to the 5.0 ml. aliquot in a 40 ml. separatory funnel and 10 ml. of 
amyl alcohol were added, followed by the addition of 1.0 ml. of sodium 
diethy] dithiocarbamate. The amyl alcohol layer, after the extraction of 


) the “copper carbamate,”’ was taken off, centrifuged for 10 minutes at 2000 


r.p.m. to remove the unseparated droplets of the aqueous fraction, and 
read in the photoelectric colorimeter. The A value (concentration versus 
density) was previously determined for both the aqueous and amy! alcohol 
solutions by the use of a standard copper solution prepared from analytical 
grade copper pellets. Blanks for the reagents were prepared in the same 
manner as the samples. 


Results 


Influence of Dietary Copper on Absorption of Iron—aA total of 74 rats 
was divided into five groups and fed the milk diet supplemented with iron 
(0.6 mg. per day). The animals in Group I received no copper supple- 
ment; Group II, 0.05 mg. of copper per rat per day; Group ITI, 0.25 mg.; 
Group IV, 0.50 mg.; and Group V, 1.0 mg. After a period of 28 days, 
radioiron was substituted for inert iron. 14 days later, at a time when all 
of the animals had received a total of 0.02uc. of Fe’’, the mineral supple- 
ments were discontinued. ‘The animals were sacrificed by ether anesthesia 
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4 days later, and total body radioiron, inert iron, and copper were de- 
termined. The results are presented in Table I. 

Groups I through IV showed significant differences’ in the percentage of 
the total amount of radioiron absorbed. Group V did not differ signifi- 
cantly from Group II, although the former received 20 times as much 
copper as the latter. With respect to hemoglobin concentration, only 
Group I was significantly different from the remaining groups. The differ- 
ences in total body iron were significant between Groups I and IIT and 
between Groups III and IV, but the differences between Groups II, III, 
and V were not significant. In contrast, the mean total body copper con- 
centration tended to be higher in each successive group. 


TABLE I 
Influence of Dietary Copper on Absorption of Iron 


Group No. ss f | ates | ee | Total body iron | Hb* Total body coppert 
mg. per oral meg. gm. per cent mg. per 100 gm. 

I 17 None 8.8 + 0.7 3.75 + 0.15 | 12.3 + 1.0 |} 0.125 + 0.004 

II 21 0.05 11.9 + 0.5 | 5.09 + 0.17 | 16.8 + 0.3 | 0.214 + 0.008 

Ill 12 0.25 16.7 + 0.8 | 4.87 + 0.15 | 17.4 + 0.3 | 0.239 + 0.010 

IV 12 0.50 19.7 + 2.2 5.91 + 0.26 | 16.4 + 0.4 | 1.211 + 0.181 

V 12 1.00 11.1+0.9 5.36 + 0.15 | 19.0 + 0.4 | 1.737 + 0.216 


Mean + the standard error. 
* Tail blood. 
Wet tissue. 


Influence of Copper Administered Simultaneously with Single Dose of Ra- 
dioiron on Iron Absorption—In order to determine whether copper influ- 
ences the absorption of the iron with which it is administered, a total of 
forty-eight rats was divided into five groups and these were fed the milk 
diet supplemented with iron (0.5 mg. per rat per day) and copper (0.05 
mg. per rat per day) for a period of 22 days. A single oral dose of 0.5 mg. 
of iron (0.02 ue. of Fe®® activity) was given by stomach tube together with 
the amounts of copper indicated in Table II. 4 days later, the animals 
were sacrificed by ether anesthesia, and the total body radioiron and total 
body copper determined. No significant difference in the amount of radio- 
iron absorbed was noted among the five groups (Table II). 

Influence of Amount of Copper in Tissues on Absorption of Iron—Since 
the amount of copper given simultaneously with a single dose of radioiron 
failed to influence the amount of iron absorbed, the following experiment 
was designed to determine whether the concentration of copper in the tis- 
sues influences iron absorption. 


3 Significant difference at the 5 per cent level as determined by the Fisher ¢ test (5). 
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A total of forty-three rats was divided into five groups. All animals 
were fed the milk diet supplemented with iron (0.5 mg. per rat per day). 
The animals in Group I were not given a copper supplement. The animals 
in Group II received 0.05 mg. of copper per rat per day; Group III, 0.25 
mg.; Group IV, 0.50 mg.; and Group V, 1.0 mg. After 38 days on the 


TABLE II 


Influence of Copper Administered Simultaneously with Single Dose of Radioiron on 
Iron Absorption 


Copper — | | 
Group No. No. of rats ment wit | Radioiron absorbed | Total body copper* 
radioiron | 
| aus ies mg. | per cent of oral dose | ie mg. per 100 gm. 
I | 10 None | 27.9429 0.141 + 0.015 
II | 10 0.05 22.9 | 0.140 + 0.015 
III | 9 | 0.25 26.0 + 1.8 | 0.159 + 0.018 
IV | 10 0.50 | 28.4 + 1.8 | 0.272 + 0.024 
Vv | 9 | 1.00 27.34 2.0 | 0.507 + 0.037 
| | 
Mean + the standard error. 
* Wet tissue. 
TABLE III 


Influence of Amount of Copper in Tissues on Absorption of Iron 


| | Copper | | 


Group No. No. of rats susie prior Radioiron absorbed Total body copper* 
to radioiron 

mg. per day | per cent of oral dose | mg. per 100 gm. 
I 9 None 7.54 0.9 0.112 + 0.007 
II | 9 0.05 11.6 + 1.0 0.201 + 0.008 
ee 9 0.25 15.0+1.3 0.352 + 0.021 
IV | 8 | 0.50 10.7 + 0.9 0.418 + 0.031 
8 1.00 10.64 1.6 | 0.760 + 0.106 


V | 


Mean + the standard error. 
* Wet tissue. 


above diet, the copper supplements were omitted from the diet for 48 hours 
in order to clear the copper from the gastrointestinal tract. All the ani- 
mals were then given 0.5 mg. of radioiron (0.02 uc.) without copper by 
stomach tube. 4 days later they were sacrificed by ether anesthesia and 
total body radioiron and copper were determined. The results are pre- 
sented in Table III. Significant differences in iron absorption were found 
between Groups I, II, and III, receiving 0, 0.05, and 0.25 mg. of copper 
daily, respectively. The absorption of iron was maximal in Group III. 
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Groups IV and V, receiving 0.5 and 1.0 mg. of copper daily, did not show a 
significant difference compared with Group II, even though the mean total 
body copper concentration had increased with the increasing amounts of 
copper in the diet. 


DISCUSSION 


Under the conditions of these experiments, it is apparent that copper in- 
fluences the absorption of iron in the rat. This observation is in agree- 
ment with our studies in swine (1, 6) and also finds support in the literature 
in the limited data presented by Houk e¢ al. (7). However, it is at vari- 
ance with the work of others (8-11). 

Elvehjem and Sherman (8) observed that, when rats deficient in both 
iron and copper were fed iron, the iron content of the liver and spleen in- 
creased. From this they concluded that copper does not influence iron 
“assimilation.” Neither Cunningham (9) nor Josephs (10) observed a sig- 
nificant difference between the total content of body iron in weanling rats 
fed a milk diet plus iron and weanling rats fed a milk diet plus iron and 
copper. These studies led Schultze in 1940 (11), in his review of the réle 
of copper in blood formation, to conclude that copper is not necessary for 
the absorption and storage of iron in tissues. | 

It is not surprising that no effect of copper on iron absorption was ob- 
served in these earlier studies. The observations of Elvehjem and Sher- 
man took into account only the iron content of the liver and spleen and 
no consideration was given to the fact that the hemoglobin iron compart- 
ment was not increasing. The failure of Cunningham and Josephs to de- 
tect a difference between the total amount of iron in the bodies of rats fed 
diets with and without copper can be explained in several ways. Cun- 
ningham fed 0.2 mg. of iron per rat per day, which is a suboptimal amount 
(12). Josephs observed as great an increase in hemoglobin in the animals 
fed iron as in the animals fed both iron and copper. This would suggest 
that the ‘“‘copper-deficient”’ animals were receiving copper from an unde- 
termined source, since it has been repeatedly demonstrated by many ob- 
servers that no significant degree of hemoglobin regeneration occurs when 
only iron is administered to copper-deficient animals (13). Finally, as 
indicated by our own studies reported here, the determination of total 
body iron is not as sensitive a method of measuring the rate of iron absorp- 
tion as is the measurement of total body radioiron. This is understand- 
able, because with the isotope method the measurements of iron absorption 
can be confined to the period when differences in the concentration of body 
copper have been produced. 

It is interesting that increasing the amount of copper in the diet beyond 
0.25 to 0.50 mg. per rat per day did not favor greater iron absorption. 
The explanation for this is not evident. It would seem unlikely that this 
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was the result of administering toxic amounts of copper, since Cunningham 
(9) failed to observe any detrimental effect of 7.5 mg. of copper daily on 
the growth of rats. The larger amount of copper seemed, if anything, to 
depress the absorption of iron. Thus it is unlikely that exposure to high 
concentrations of dietary copper would in itself result in the production 
of hemochromatosis, as postulated by Mallory (14). 

It should not be concluded from our studies in the rat that the only 
function of copper in mammalian tissues is in relation to the absorption of 
iron from the gastrointestinal tract. Also it does not follow that the ane- 
mia associated with a deficiency of copper is the result only of failure to 
absorb adequate amounts of iron. The various aspects of the relation of 
copper to iron metabolism have been discussed in the two preceding papers 
in this series (1, 6). 

SUMMARY 


Evidence is presented which indicates that, under the conditions of these 
experiments, there is less absorption of iron from the gastrointestinal tract 
of rats deficient in copper than in rats supplied with copper. The amount 
of radioiron (Fe*) absorbed was favored by amounts of dietary copper up 
to levels of 0.25 to 0.50 mg. per rat per day. Above this amount there 
was no greater iron absorption; in fact, there appeared to be somewhat 
reduced absorption. 

The influence of copper on iron absorption is not due to the simultaneous 
administration of copper with the iron but appears to be correlated with 
the level of copper in the tissues. 
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FOLIC ACID, LEUCOVORIN, VITAMIN Bi, AND THE 
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That folic acid and vitamin By, are both involved in biological methyla- 
tion has been established beyond all reasonable doubt. Vitamin By, (1-3) 
and folic acid (4, 5) have been shown to spare dietary choline. Dinning 
et al. (6) demonstrated that liver homogenates from folic acid-deficient 
chicks synthesize methionine from homocysteine and choline or betaine at 
a slower rate than those from repleted chicks. It was subsequently ob- 
served that folic acid influences creatine synthesis (7, 8). Vitamin By, has 
been involved in the biosynthesis of methionine (9), creatine (8, 10), and 
N'-methylnicotinamide (10). | 

The studies reported in this paper were undertaken to determine the 
comparative effects of folic acid, synthetic cztrovorum factor (Leucovorin, 
Lederle), and vitamin By, on the excretion of N'-methylnicotinamide in 
the rat. 


EXPERIMENTAL 


Weanling male rats of the Sprague-Dawley strain, within a weight range 
of 30 to 40 gm., were employed throughout. The animals were housed in 
individual cages with raised screen floors. Feed and water were supplied 
ad libitum. All rats used in the folic acid studies received a ration consist- 
ing of sucrose 72, alcohol-extracted casein 18, Salts 4 (11) 4, corn oil 5, and 
L-cystine 0.3 gm.; choline hydrochloride 150, calcium pantothenate 4.0, 
niacin 4.0, riboflavin 0.6, thiamine hydrochloride 0.6, pyridoxine hydro- 
chloride 0.4, inositol 20.0, biotin 0.03, folic acid 0.02, a-tocopherol 0.5, and 
2-methyl-1 ,4-naphthoquinone 0.04 mg. In the case of the animals on the 
folic acid-deficient regimen, the folic acid was omitted from the ration and 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by funds supplied by Swift and Company, 
Chicago, Illinois, and by the Research Committee of the Graduate School from funds 
supplied by the Wisconsin Alumni Research Foundation. 

We are indebted to Merck and Company, Inc., Rahway, New Jersey, for some of 
the crystalline vitamins, to the Lederle Laboratories Division, American Cyanamid 
Company, Pearl River, New York, for synthetic folic acid and synthetic citrovorum 
factor, and to the Cerophyl Laboratories, Inc., Kansas City, Missouri, for iodinated 
casein. 
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2 per cent sulfasuxidine was included at the expense of carbohydrate. The 
rats used in the vitamin By. studies received a basal ration consisting of 
corn-meal 45, soy bean meal 45, Salts 4 (11) 2, corn oil 5, L-cystine 0.3, 
and iodinated casein 0.15 gm.!- The vitamin composition of the ration was 
the same as that described above. The control animals in the vitamin B,, 
studies received an identical ration except that the iodinated casein was 
omitted. In addition each control animal received 2 y of vitamin By, per 
week. All animals received 2 drops of a 1:3 dilution of haliver oil per 
week. All supplementations were made by intraperitoneal injection. ‘So- 
lutions of synthetic cztrovorum factor (Leucovorin) were freshly prepared 
each time before administration. 

At the end of a 4 week depletion period the animals, five per group, were 
placed in metabolism cages. Urine samples were collected every 24 hours 
under toluene and the analyses for N'!-methylnicotinamide were carried out 
the same day according to the procedure of Huff and Perlzweig (15). All 
animals were acclimated to a given dosage of nicotinamide for at least 2 
days before urine collections were started, the nicotinamide being admin- 
istered every 24 hours. The animals were weighed every 3 days and the 
nicotinamide dosage was adjusted accordingly. 


Results 


A comparison of the ability of folic acid-deficient rats and control rats 
to methylate nicotinamide is presented in Fig. 1. The responses to the 
lower levels of nicotinamide administration were the same regardless of 
whether folic acid was present or not. However, at the higher levels of 
nicotinamide administration, 7.e. over 70 mg. per kilo of body weight, the 
folic acid-deficient animals leveled off, while the control animals retained 
the ability to methylate the higher concentrations of nicotinamide. 

Typical responses to folic acid administration are presented in Table I. 
A single injection of 10 y of folic acid produced an immediate response. 
The average daily level of V!-methylnicotinamide excreted during the first 
48 hours following folic acid administration was slightly but not signifi- 
cantly lower than that of the control animals. Administration of 10 7 of 
folic acid to the control animals was without effect. 

The effect of synthetic cztrovorum factor (Leucovorin) on the excretion of 
Nit-emethylnicotinamide in the folic acid-deficient rat is presented in Table 
Il. Synthetic citrovorum factor and folic acid had no effect on the excre- 
tion of .V'-methylnicotinamide in the control animals. <A single injection 
of calcium Leucovorin, equivalent to 10 y of the free acid, produced no 
response in the folic acid-deficient animals. At the end of the first 48 hour 


1 Thyrotoxic agents have been used by several workers (12-14) to produce a vita- 
min By. deficiency in the rat. 
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Fic. 1. Comparison of the effect of various levels of nicotinamide administration 
on the excretion of N'-methylnicotinamide in folic acid (PGA)-deficient and normal 
rats. Values on both axes are in mg. per kilo of body weight and are the average of 
two consecutive 24 hour urine samples expressed as NV'-methyInicotinamide chloride. 
The standard errors found at the 140 mg. per kilo level of nicotinamide administra- 
tion are presented. 


TABLE | 
Effect of Folic Acid on Excretion of N'-Methylnicotinamide in Folic Acid-Deficient 


Rat* 
Excretion of .V'-methylnicotinamide 
Dietary regimen 
None Folic acid 10 yt 
Normal control ration...................... 69 + 10 72+ 8 
Folic acid-deficient ration. .................. 46 + 5 66 + 8 


The values are the average of two 24 hour urine samples | 
as mg. per kilo of body weight of N'-methylnicotinamide chloride. Five animals 
were used per group. Each animal received by injection 140 mg. per kilo of body 
weight per day of nicotinamide. The standard error is included, 

t By injection. 
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period all rats received a total of 100 y of calcium Leucovorin, equivalent 
to the free acid, in two equal doses spaced several hours apart. This higher 
level of synthetic cztrovorum factor was also without effect. At the end of 
the second 48 hour period 10 y of folic acid were administered. The re- 


TaBLeE II 


Effect of Citrovorum Factor (CF) and Folic Acid (PGA) on Excretion of 
N'-Methylnicotinamide in PGA-Deficient Rat* 


Excretion of N!-methylnicotinamide 
Dietary regimen | 
CF 10yt CF 100 yt | PGA 10 


Normal control ration................... (68 +10 73+ 9/6547 7346 
PGA-deficient (39+ 8 45410 4546 63 45 


* Values are the average of two consecutive 24 hour urine samples expressed as 
mg. per kilo of body weight of N'-methylnicotinamide chloride. Five animals were 
used per group. Each animal received by injection 140 mg. per kilo of body weight 
per day of nicotinamide. The standard error is included. 

+t By injection. ~ 


TaBLe III 


Effect of Daily Administered citrovorum Factor on Excretion of N'-Methylnicotinamide 
in Folic Acid-Deficient Rat* 


Excretion of N'!-methylnicotinamide 
Days following supplementation —. 


Folic acid-deficient Control 
0 | 45 + 10 70+ 8 
2 | 49 
rl 6 69 + 14 | 


* Each animal received 50 y of synthetic citrovorum factor and 140 mg. per kilo 
of body weight of nicotinamide per day by injection. The values are expressed as 
mg. per kilo of body weight of N'-methylnicotinamide chloride excreted during the 
24 hour period indicated. The standard error is included. 


sponse obtained was similar to that obtained when folic acid was adminis- 
tered alone. 

The response to continuous citrovorum factor administration is presented 
in Table III. The administration of calcium Leucovorin at a level of 50 y 
per day, equivalent to the free acid, produced a slow but definite increase 
in the amount of N'!-methylnicotinamide excreted in the folic acid-deficient 
rat. The normal range was reached in 5 to 6 days. 
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The effect of vitamin Bie administration on the excretion of N+-methy!- 
nicotinamide in the vitamin B).-deficient rat is presented in Table IV. 
The vitamin B,»-deficient rat methylates nicotinamide at a much slower 
rate than animals receiving adequate amounts of vitamin Bi. The admin- 
istration of 4 y of vitamin By, 2 y on zero day and 2 y the following day, 
produced no significant increase in the level of N'-methylnicotinamide ex- 
creted until approximately the 6th day following the initial administration 
of vitamin By. The week preceding supplementation these animals gained 
2gm. In the 8 day period following the initial administration of vitamin 
By these animals gained 30 gm. 


TABLE IV 


Effect of Vitamin B,2 on Daily Excretion of N'-Methylnicotinamide in Vitamin 
Bi2-Deficient Rat* 


Excretion of V'-methylnicotinamide 


Days following supplementation | — 
Vitamin Bi2-deficient | Control 


26+ 4 53 + 11 


i. 
bo 


* Each animal received 140 mg. per kilo of body weight per day of nicotinamide 
by injection. The values are expressed as mg. per kilo of body weight of N'-methyl- 
nicotinamide chloride excreted during the 24 hour period indicated. The standard 
error is included. 


DISCUSSION 


These data indicate an apparent difference in the point of action of vita- 
min B,,. and folic acid. The effect of folic acid is very rapid, showing that 
folic acid probably acts as the precursor to the physiological activator or 
coenzyme involved in the methylation of nicotinamide or in the synthesis 
of methyl groups. Under the experimental conditions folic acid was in- 
finitely more active than Leucovorin. Whether synthetic cztrovorum factor 
is identical with the cztrovorum factor isolated from natural sources remains 
to be demonstrated. Certain discrepancies have been observed to exist 
between the synthetic and natural product (16-18). Although Leucovorin 
has been demonstrated to possess biological activity, at relatively low 
levels, in overcoming aminopterin inhibition (19), the possibility must not 
be overlooked that the synthetic product may differ enough from the natu- 
ral product to make it biologically less active than the latter. A lag of 1 
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week between vitamin By. administration and restoration of normal N!- 
methylnicotinamide excretion appears to indicate that the action of vitamin 
By, in this instance, is one far more complex than the mere addition of a 
coenzyme or precursor to a coenzyme. The vitamin By administered (4 y) 
was far in excess of that needed during the experimental period. That the 
vitamin By. administered was utilized is shown by the marked stimulation 
of growth observed. These results are in direct contrast with the folic acid 
studies in which a single injection of 10 y of folic acid, which at best satis- 
fies the bare minimum requirements for the experimental period (20), pro- 
duced an immediate response. 


SUMMARY 


Folic acid-deficient rats lacked the ability to methylate efficiently and 
excrete as N!-methylnicotinamide large doses of nicotinamide compared 
with control animals. 

A single injection of 10 y of folic acid produced an immediate and sig- 
nificant increase in the excretion of V4-methylnicotinamide in the folic acid- 
deficient rat receiving 140 mg. per kilo of body weight of nicotinamide 
per day. Under similar conditions, the administration of 10 y and 100 y 
of synthetic czitrovorum factor was without effect. . 

Vitamin B,.-deficient rats receiving 140 mg. per kilo of nicotinamide per 
day excreted significantly lower levels of N!-methylnicotinamide compared 
with control animals. Under similar conditions the administration of 4 y 
of vitamin By. produced no significant increase in the level of N'-methy!- 
nicotinamide excreted until approximately 1 week after supplementation. 

The possible significance of the observed results is discussed. 
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THE INCORPORATION OF LABELED METHIONINE INTO 
PROTEIN BY PITUITARY TISSUE* 


By JACKLYN B. MELCHIOR anp MICHAEL N. HALIKIST 


(From the Department of Biochemistry, Graduate School and the Stritch School of 
Medicine, Loyola University, Chicago, Illinois) 


(Received for publication, July 3, 1952) 


In recent years numerous reports on the uptake of labeled amino acids 
by the proteins of tissue preparations have appeared. Various amino 
acids have been used, and the reaction has been shown to occur in tissue 
slices (1-4), homogenates (5), and in resting bacteria (6, 7). Consider- 
able evidence has accumulated, indicating that this labeling of protein 
represents a synthesis of peptide bonds. In particular, it has been estab- 
lished that the labeling reaction, with apparently a single exception (8), 
depends on the simultaneous oxidation of a suitable metabolite, that the 
label cannot be removed by prolonged dialysis (9), and that, when car- 
boxyl-labeled amino acids were used, the label is not removed by treat- 
ment with ninhydrin unless the protein is first subjected to hydrolysis 
(10). It seems clear that the labeling reaction can be used to measure the 
over-all activity of the enzymes involved in the synthesis of protein. 

This report concerns the incorporation of S**-labeled methionine into 
proteins, rat pituitary tissue being the source of the protein-synthesizing 
enzymes. It might be expected that this tissue, being specialized in the 
production of protein hormones, would be highly active in the incorpora- 
tion of amino acids into protein, and this has been found to be the case. 
In addition, the effect of various physiological conditions which are known 
to be related to pituitary function has been investigated. 

The use of methionine as the labeled substance in such studies has been 
investigated by Tarver and his coworkers (2, 9). These workers have 
stressed the error introduced by the conversion of the methionine to cystine 
and the subsequent labeling of protein by the formation of disulfide bonds 
(1). In this work this error was eliminated by removal of the mercaptans 
present in the proteins as the cuprous salts. Thus, only radioactivity 
incorporated as methionine was determined. 


* This work was supported by a grant from the American Cancer Society, recom- 
mended by the Committee on Growth of the National Research Council. Presented 
in part before the meeting of the American Chemical Society at Milwaukee, Wiscon- 
sin, April 3, 1952. 

t Portions of this work were taken from the thesis submitted by Michael Halikis 
in partial fulfilment of the requirement for the degree of Master of Science. 
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EXPERIMENTAL 


Albino rats of the Sprague-Dawley strain were used throughout this 
work. The majority were raised in our colony and were ted standard 
fox chow pellets supplemented with leafy vegetables. A few of the rats 
were obtained from a local dealer and had been fed Rockland rat diet 
supplemented with soy bean meal prior to purchase. All rats were fed 
ad libitum up to the time of sacrifice. Except in the experiments in 
which the effect of age was investigated, all the animals were adults of 
over 150 gm. in weight and were in good health. 

The labeled methionine used in this work was obtained from Dr. D. L. 
Tabern of the Abbott Laboratories. A paper chromatogram, supplied 
with the compound, indicated it to be free of other labeled sulfur com- 
pounds. 

The animals were sacrificed by a blow at the back of the neck which 
killed them within 10 seconds in an attempt to minimize the stress reac- 
tion. The pituitary glands were removed and weighed on a torsion bal- 
ance. Except for the very smallest glands (less than 1 mg.) they were all 
cut in half. They were then placed in a Warburg flask which contained 
Ringer’s bicarbonate solution (11) supplemented with sodium succinate. 
The side arm contained the S**-labeled methionine dissolved in Ringer’s 
bicarbonate. The flasks were placed in a water bath maintained at 
37.5° and shaken at 2 revolutions per second. 

After filling the flasks with a mixture of 95 per cent oxygen-5 per cent 
carbon dioxide by evacuating twice with a vacuum pump, the methionine 
was tipped in to start the reaction. The final concentration of methionine 
was 0.5 X 10-* M, and that of succinate was 7.8 K 10-* M, in a total volume 
of 1 ml., the pH being 7.4. 10 minutes was the maximum length of time 
from the moment of sacrifice until the reaction was started. The amount 
of tissue varied from 5 to 15 mg. in wet weight. 

The reaction was halted at the end of 2 hours by the addition of 1 vol- 
ume of 0.67 m trichloroacetic acid (TCA). The contents of the flask 
were quantitatively transferred to glass homogenizers (12) and homogen- 
ized thoroughly. They were then transferred to centrifuge cones; 0.33 
mM TCA was used liberally to effect the transfers. The precipitated pro- 
teins were washed once with TCA at the centrifuge. The precipitates 
were then dissolved in 0.1 mM NaOH and reprecipitated with TCA (final 
concentration was always 0.33 m). The solution was allowed to stand 
for 1 hour to insure complete separation of the proteins. This step was 
repeated once. After the final centrifugation, the proteins were hydro- 
lyzed by the addition of 2 ml. of a solution containing 12 per cent formic 
acid in concentrated hydrochloric acid, which is recommended by Miller 
and du Vigneaud (13) and others (14) to minimize humin formation. 
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Hydrolysis was effected by heating under an air condenser for 15 hours 
at 100°. At the end of this period, the hydrolysates were evaporated to 
dryness under reduced pressure. 

The labeled mercaptans produced under the conditions described were 
removed by the method of Zittle and O’Dell (15) which involves precipi- 
tation of the insoluble cuprous salts. Inactive cystine was added as a 
carrier prior to addition of the cuprous oxide. This treatment removes 
cysteine, cystine, and homocystine, leaving the methionine in the super- 
natant solutions. 

The supernatant solutions were concentrated on a steam bath, and then 
transferred with the aid of slightly acidified water to planchets made of 
Parafilm, the bottoms of which were completely covered with What- 
man No. 1 filter paper. Final evaporation of the planchets occurred at 
room temperature. The samples were counted with a proportional counter 
and an internal counting tube. A study of this method of preparing 
samples has recently been completed by Goldkamp and Melchior.! 

Control samples were run by precipitation of the tissue by the addition 
of TCA immediately after adding the labeled methionine. This type 
of control was employed by Simpson and Tarver (9) and was referred to 
as the ‘“‘zero time control.” The procedure described above effectively 
washed out all of the physically absorbed methionine, since essentially 
no activity was found in the zero time controls. If the precipitated pro- 
teins are not dissolved as described, or are dissolved only once, errors of 
up to 50 per cent can be introduced due to adsorption or occlusion of 
methionine by the protein precipitate. 

The addition of succinate was found to cause an increase in protein 
labeling of approximately 40 per cent over that observed when glucose 
was used as the energy source. This was true of both liver and pituitary 
preparations. Hence, succinate was added routinely to all the flasks as 
described. 

For convenience, we have defined the unit of activity of the enzymes 
under study as the number of micromoles of S** incorporated as methi- — 
onine (7.e., not precipitated by cuprous ion) in 2 hours under the condi- 
tions described. All values are expressed in these units in Tables I to 
IV so that they can be directly compared. 


Results 


As the pituitary is a tissue specialized in the synthesis of protein hor- 
mones, it was expected that it would be highly active in the enzymes under 
study. The activity per gm. of tissue was compared to liver slices pre- 
pared from the same animals. As can be seen from the results (Table I) 


1 Manuscript in preparation. 
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the pituitary is indeed much more active in the incorporation of methi- 
onine than liver. This is even more striking when calculated on the basis 
of dry weight, since the pituitary averages about 16 per cent solids, com- 
pared to 27 to 30 per cent for liver. The relative activities of various 
tissues in this regard have been compared by Tarver (16). Referring to 
these data, it is apparent that pituitary tissue is the most active of any 
tissue reported so far in this respect. In addition, a few measurements 
were made on the separated anterior and posterior lobes of the glands. 
As can be seen from Table I, over 90 per cent of the activity is incorpo- 
rated into the anterior lobe, which appears to be somewhat more active 
per gm. than the posterior portion. However, the exact evaluation of 
the data on the posterior lobe is in question because of its minute size. 
In all the other experiments described here whole glands were used. 


TABLE 
Uptake of Labeled Methionine by Liver and Pituitary 
Ti | Unitst per mtr | Unitst per 


* Two to three glands were pooled in the experiments on pituitary. 
+ A unit is defined as the micromoles of methionine incorporated into protein 
in 2 hours under the conditions described in the text. 


Effect of Age 


In studying the effect of age on the activity of the pituitary, male rats 
were used whose weight varied from 10 to 375 gm. The activities in 
various groups have been averaged and are presented in Table IT. The 
activity of glands from very young animals was approximately 33 per 
cent greater than that of the older animals. After the first 2 weeks, 
however, the activity remains relatively constant throughout life, with 
some tendency to decrease in the older rats. 

If it can be shown that these measurements are related to the ability of 
the gland to produce its protein hormones, it seems likely that the total 
activity of the gland in a given animal is of greater significance than the 
activity per unit weight of tissue. In Fig. 1 the activity in total units per 
gm. of animal is plotted against the body weight. It can be seen that 
the youngest animals show approximately 100 per cent greater activity 
than any of the others, with some tendency for a decrease in activity in 
the older rats, 
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TaBLeE II 


Effect of Age 


Rat weight 


No. of determinations 


Units per gm. pituitary* 


gm. | 
10- 15 3t 0.209 
20— 50 | 4f 0.1 
100-160 4 0.1 
240-275 4 0.1 
300-375 4 0.1 
* Expressed as units + the standard error of the mean. 
+t Two to six animals were used per determination. 
T T 
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BODY WEIGHT, GRAMS 


Fic. 1. Uptake of methionine by pituitary of male rats. 


A unit is defined as the 


micromoles incorporated in 2 hours under the condition described in the text. 


TABLE III 


Effect of Sex and Estrous Cycle 


Condition* 


Units per gm. pituitary) 


Units per kilo rat XK 10° 


Female, proestrous 


diestrous (7)... 


0.128 + 0.006 
0.144 + 0.007 
0.120 + 0.011 
0.135 + 0.007 
0.129 + 0.003 


—— 


*The number of separate determinations is given in parentheses. 


Effect of Sex 


The activity of the male and female glands is essentially the same per 


unit weight of tissue (see Table ITT). 


However, when the data are calcu- 
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lated in terms of total units per gm. of animal, the females have a gland 
that is about 30 per cent more active than that of the male, and this dif- 
ference is highly significant. Calculation by the Fisher ¢ method (17) 
indicates that there is less than one chance in a hundred that this is not 
a real difference (7.e., p is less than 0.01). 


T ' | 
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FEMALE 


! 
100 200 
BODY WEIGHT, GRAMS 
Fic. 2. Sex difference in the weight of pituitary glands from albino rats. Each 
point represents an average for a number of animals. The spread of both body and 
gland weights in the groups selected is indicated by drawing the lines one standard 
error on each side of the mean for the particular group. 


TaBLeE IV 
Effect of Pregnancy and Lactation 
Condition* Units per gm. piteitary Units per kilo rat X 10 
0.148 + 0.019 5.83 + 0.867 
| 0.101 + 0.005 4.23 + 0.158 


* The number of separate determinations is given in parentheses. 


Thus it is apparent that the pituitary of the female has more total 
activity than the male of similar size, although the activity per gm. of 
tissue is essentially identical. This is in accord with the available data 
on the relative size of the glands, shown in Fig. 2. The weights of the 
pituitary in males and females are similar up to a body weight of about 
100 gm. After this, the female gland is generally heavier than that of 
the male. There was no apparent relationship to other variables such 
as estrus, pregnancy, or lactation. This is in essential agreement with 
the data of Hatai (18). 
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The various stages of the estrous cycle had no apparent effect on the 
activity of these enzymes. Measurements were made during diestrus 
and during proestrus, the stage being determined by vaginal smear as 
described by Long and Evans (19) (see Table III). In addition, several 
animals were studied that were known to have borne four to six litters 
during their life. It is interesting to note that they still exhibited a nor- 
mal estrous cycle and that the glands of these animals show the same over- 
all activity as those of younger animals. 


Effect of Pregnancy and Lactation 


The activity of the glands from normal and from pregnant rats falls 
within the same range, as shown in Table IV. In lactation, however, 
the picture is quite different. It was found that the lactating gland has 
a lower activity than any other group, and this difference is significant 
(p = 0.02). The same relationships hold when the data are expressed in 
terms of total units per kilo of animal. 


DISCUSSION 


On the basis of the work presented here, it is premature to attempt to 
relate the incorporation of a labeled amino acid in vitro to the function 
of the pituitary in the production of protein hormones. However, the 
relatively great activity of this tissue with respect to other tissues, and the 
differences observed under various physiological conditions related to 
pituitary activity, make it interesting to compare these findings with 
the activity of the gland as established by other techniques. 

It is apparent from the foregoing that the pituitary gland in the rat 
shows an essentially constant activity of the enzymes involved in the 
incorporation of methionine into protein. The only conditions in which 
there is a significant difference in this variable are the first few days of 
the animal’s life, when a higher activity is observed, and lactation, when 
there is a significant loss in activity. 

During the initial stages of the animal’s life, it would seem that the pi- 
tuitary is primarily secreting the growth hormone. The growth rate of 
the animal is rapid throughout this period, and, if calculated in terms of 
percentage increase per day, diminishes rapidly from the time of birth. 
The growth rates of albino rats have been given by Donaldson (20) (see 
also King (21)). It is interesting to note that at about the 18th to the 
2lst day, when the activity tends to level off, the rat pituitary is known 
to undergo profound alterations. Jailer (22) has shown that it is at this 
point that the gland first begins to contain adrenocorticotropic hormone, 
and Swezy (23) has shown that the gland first begins to produce gonado- 
tropic hormones at this age. The enzymes measured in this work appear 
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to diminish rapidly in activity during the initial stages of the animal’s 
life until approximately this age, when they appear to level off and stay 
relatively constant throughout life. 

The effect of the estrous cycle on the pituitary of the rat has beep 
difficult to assess, because of the very short cycle and lack of knowledge 
of the time required for the gonadotropic hormones to act. Histological 
studies have indicated a difference between male and female glands; 
however, the male gland has a relatively higher percentage of a- and 
B- cells, with corresponding fewer chromophobes (24). These differences 
are not reflected in the ability of the tissue to incorporate methionine 
into protein. 

The state of activity of the pituitary during lactation has been studied 
by Hurst and Turner (25). They report a surge of lactogenic hormone 
production during the first 3 days after parturition. The content of 
lactogenic hormone then diminishes slowly. The measurements reported 
here were made 7 days after parturition. The observed decrease in ac- 
tivity is perhaps related to the fact that the estrous cycle is halted during 
this period (19). It is evident that the lactating female exhibits a total 
activity per gm. of animal similar to that found in the normal male, both 
being significantly lower than that of the normal female. The lower 
total activity in the male results from the smaller size of the pituitary, 
whereas that in the lactating female results from a less active gland. 

The results obtained during pregnancy were more variable than those 
of other groups. This is possibly explained by the fact that these ani- 
mals were in all stages of pregnancy, from 3 to 21 days. One would ex- 
pect major changes to be occurring in the pituitary during this period. 
It seems possible that a more thorough study of pregnancy would show 
significant differences between the various stages. It should be noted 
that no correction for the weight or the possible pituitary activity of the 
litter was taken into consideration in these experiments. 

Further interpretation of the significance of these results awaits de- 
termination of which proteins become labeled. Work is in progress to 
fractionate the pituitary tissue after the labeling has occurred. 


SUMMARY 


1. Measurements have been made of the ability of pituitary tissue to 
incorporate a labeled amino acid into protein in vitro. The method de- 
scribed permits measurements with single rat pituitaries. 

2. Pituitary tissue was found to be much more active in the incorpora- 
tion of the label than liver. 

3. The activity was significantly greater in young animals. After the 
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first 2 weeks of life the activity remained relatively constant, with some 


tendency to decrease in the older rats. 
4. No significant differences were found during the phases of the estrous 


eycle or during pregnancy. 

5. The male gland had the same activity per gm. as the normal adult 
female; because of its smaller size, the fotal activity in the male was sig- 
nificantly less than that in the female. 

6. During lactation a significant decrease in the ability of the gland 


to label protein was observed. 
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ON CARBON DIOXIDE FIXATION IN VIVO* 


By LAWRENCE M. MARSHALL anp FELIX FRIEDBERG 


(From the Department of Biochemistry, Howard University School of Medicine, 
Washington, D. C.) 


(Received for publication, April 29, 1952) 


In studying CO, fixation in vivo, by isolation of the intermediates of the 
Krebs cycle, results were obtained which do not fit expectations if the 
entire Krebs cycle or a dicarboxylic acid cycle accounts for the incorpora- 
tion of the isotope into these acids. Below are presented data which 
describe the relative labeling of certain organic acids of the rat at 45, 15, 
5, and 0.5 minutes following a single intraperitoneal injection of NaHC™Qs. 

The results for liver (Table I) indicate that the percentage of total 
radioactivity in oxalacetate and succinate increases as the time after the 
injection decreases. ‘These percentages of activity in succinate and oxal- 
acetate, particularly at 30 seconds, would seem to show (Table I and Fig. 
1, C) that oxalacetate and succinate are both incorporating the label at a 
higher rate than that of any other acid measured. Although a-ketoglutar- 
ate and aconitate are measurable by titration throughout all the experi- 
ments, radioactivity plotted against fraction number (ml. of effluent) 
describes no peaks for these acids at 5 minutes (Fig. 1, B) and at 30 seconds 
(Fig. 1,(). At 45 minutes (Fig. 1, A) a-ketoglutarate possessed detectable 
activity. Activity in the zone adjacent to and on the night of a-keto- 
glutarate, the zone for aconitate (1), could here be considered measurable. 
Although not shown, at 1.5 and 4 hours after the injection, the label in 
aconitate described a distinct chromatographic peak, but the least active 
fraction of the entire chromatogram was 3 to 4 times the background, 
indicating that many compounds were labeled. The relatively high label- 
ing in oxalacetate and succinate and the absence of measurable activity in 
aconitate and a-ketoglutarate at 5 minutes and 30 seconds, together with 
the low activity in malate and fumarate at 30 seconds, indicate that in 
the liver, at least, the tricarboxylic acid and dicarboxylic acid cycles 
are not involved in a manner that would fit expectations in these early 
stages of CO, fixation. Provided that non-equilibration of the metabolic 
pools did not account for the data, one or more of the following tentative 
conclusions might be drawn from the above: (1) The Krebs cycle and 
the dicarboxylic cycies are not operating: (2) succinate and oxalacetate 


* This investigation was supported in part by a research grant from the National 
Cancer Institute of the National Institutes of Health, United States Public Health 
Service. 
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are the only substances in the cycles which are in equilibrium with the 
free acid; (3) the high rate of incorporation of the label into succinate could 
be direct, z.e., by reversal of decarboxylation of succinate to propionate (2), 


TABLE I 


Relative Radioactivity and Concentration of Certain Solutes from Liver Extracts 
Following Injection of NaHCO, 


Time after injection of NaHCO; 


30 sec. 5 min. 15 min. 45 min. 
Per cent | ‘Per cent Per cent cent 
Aconitate 70.0 <1 70.0 2 15.5 
Fumarate | 4.7 | 14.8 23.8 80.0% 23.2 65.0 15.5 31.0 
aKetoglutarate 34.0 | <1 9.0 <1 94.0 20 | 19.0 
Lactate 170.0 3.0 150.0, 2.0 320 
Lipides 3.0 | 20,000 13.0¢ 30,000 9.4 20,000 26.0$ 25,000 
Malate |35.0 | 3.9, 69.0, 3.1) 69.0) 84 17.5 
Oxalacetate 22.0 | 26.0 30.0 72.0§ 20.0 147.0 20.0 17.5 
Succinate | 61.0' 23.0 32.5 62.0 37.9 1400 80 | 155 
Total activity of | 1430 15,463 20,019 31,610 


effluent 


Radioactivity is expressed as per cent of the total radioactivity of the entire 
chromatographic effluent. Acid concentration was determined by titration with a 
thymol blue-sodium hydroxide solution, 0.0004 N (7.e., the solution contained the 
indicator (1)). 

* Fumarate was degraded in this experiment with acid permanganate, and over 
95 per cent of the activity was found on the carboxy! carbons. 

t 80 per cent of this radioactivity was in the water-soluble portion of the acidified 
saponified lipide (7.e., 20 per cent was in the fatty acids). 

t 70 per cent of this radioactivity was in the water-soluble portion of the acidified 
saponified lipide (7.e., 30 per cent was in the fatty acids). 

§ Oxalacetate was degraded by the aniline citrate method, and 70 per cent of the 
activity was on the B-carboxyl carbon. 

|| From 2.6 to 3.0 gm. of tissue were used for each chromatogram. The activity 
is expressed as counts per gm. of tissue per 107 counts of the administered dose. 


The general increase in the quantities of acids (Table I) found in the 
liver at 5 and 15 minutes suggests that all the acids showed a response to 
the intraperitoneally injected alkali. This effect, however, would be ex- 
pected from the data of Orten and Smith (3) which provided support (4) 
for the Krebs cycle. 
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20 5O 80 10 140 170 
FRACTION NUMBER 

Fic. 1. Chromatograms of liver extracts. Ordinate, counts per gm. of tissue per 
107 counts of the administered dose; abscissa, fraction number = ml. of effluent. A, 
45 minutes after injection of NaHC"O;; B, 5 minutes after the injection of NaHC'O;; 
(, 30 seconds after the injection of NaHC"O;. The K values above the peaks indi- 
cate the distribution coefficients between ether and 0.1 N HCl. In one experiment, 
but in no other, K for the peak at 60 ml. (45 minutes) indicated that the succinate 
was contaminated with lactate. All other K values deviated by no more than 6 per 
cent of the distribution coefficient for the corresponding authentic acid in the system 
ether-O0.1 N HCl. Neither pyruvate nor citrate was available for study in any efflu- 
ent. Experience has shown that the greater part of pyruvate in the tissue is lost in 
preparation of the tissue extracts. Citrate emerged from the column after malate. 
The solute showing radioactivity in A, B, and C at Fraction 20, the chromatographic 
position of reagent acetate, was not identified, 
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‘Throughout our experiments the extracts of brain from the animals 
which supplied the above liver extracts showed chromatographic relation- 
ships different from those of liver. At 45, 15, and 5 minutes the total 
activities of the lipides were, respectively, 51, 42, and 49 per cent of the 
total radioactivity of the chromatogram. In all periods radioactivity in 
any one acid never exceeded 2 per cent of the radioactivity of the chro- 
matogram. When the lipides from brain were hydrolyzed, less than 1 per 
cent of the activity was in the non-saponifiable fraction. The fatty acids 
showed 5 per cent of the activity and the remainder, more than 94 per 
cent, was in the aqueous portion of the acidified hydrolysate. Although 
this portion was presumably glycerol, no attempt was made to establish 
this. The lipides released by the column were mixtures of fatty acids and 
neutral fat containing less than 5 per cent of non-saponifiable material. 


EXPERIMENTAL 


Female rats on a normal diet, weighing between 110 and 120 gm., were 
given a single intraperitoneal injection of 0.6 m NaHCO; containing | me. 
of radioactive carbon.! After decapitation, the liver and brain were sepa- 
rately homogenized in acetone containing 3 ml. of 10 N HCl per liter (5). 
The time from sacrifice to the beginning of the homogenization was between 
20 and 30 seconds for the tissues. Extracts (5) of these homogenates were 
chromatographed by an improved (1, 6) procedure on silica gel. Samples 
of the effluent were examined chromatographically for radioactivity with 
a tube containing a mica window less than 2 mg. per sq.cm. The counter 
employed had an efficiency (counts per 100 disintegrations) of 2.5 per cent. 
No carriers were used. Since no single chromatographic fraction contained 
more than 26 y of the effluent organic acid and most fractions contained 
less than 10 y (a scarcely, if at all, visible film on the watch-glass), no cor- 
rections for self-absorption were necessary. 

In each experiment the chemical quality and radiochemical purity of the 
effluent solutes were ascertained by examining the distribution coefficient 
(K) of the solute between ether and 0.1 N HCl. For example, when a 
portion of one extract of the fumaric acid representing 1536 ¢.p.m. (from 
3 gm. of tissue) was shaken with an equal volume of ether and 0.1 N HCl, 
the ether layer left a residue on evaporation having 851 c.p.m. The differ- 
ence (1536 — 851) divided into 851 gave a K value of 1.24 as compared to 
1.26 for the authentic non-labeled acid similarly distributed. Other refer- 
ence K values for the reagent acids, obtained by distributing these authen- 
tic acids between 0.1 N HCl and ether at 22°, were 0.070 for a-ketoglutaric 
acid, 0.016 for malic acid, 0.043 for oxalacetic acid, 0.153 for succinic acid, 


' The radioactive carbon was obtained as BaC'™O; from the Atomic Energy Com- 
mission, Oak Ridge, Tennessee. 
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and 0.079 for lactic acid. An effluent acid was considered identified when 
its K for the system 0.1 N HCl-ether deviated by no more than 6 per cent 
from the K of the corresponding acid, provided the chromatographic posi- 
tion of the acid was not incompatible (6) with that of the authentic acid. 

On dissolving in ether and washing with 0.1 N HCl followed by water, 
the lipides retained 95 per cent of their radioactivity. On elementary 
analysis of the washed radioactive ether-soluble effluent 73.3 per cent car- 
bon and 13.5 per cent hydrogen were found. The absorption spectra be- 
tween 4000 and 800 cm.— indicated that the lipide effluent contained a 
mixture of free and esterified fatty acids. 


SUMMARY 


A comparison of total activities of fumarate, succinate, malate, oxalace- 
tate, and a-ketoglutarate following the injection of NaHCO; indicated 
that COz fixation in the liver at 30 seconds and 5 and 15 minutes did not 
fit expectations if the entire tricarboxylic acid or dicarboxylic acid cycle 
was involved. Succinate and oxalacetate were labeled at a higher rate 
than the other acids. 5 and 15 minutes after the injection of bicarbonate, 
there was an increase in the concentrations of all acids examined in the 
liver tissue, possibly as a response to the alkali. The incorporation of CO, 
in brain appeared to be different from that in liver. 
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(Received for publication, May 5, 1952) 


Quantitative immunochemical techniques have been employed in the 
study of enzyme systems as a method of assessing the homogeneity of the 
enzyme protein. In addition, when the antibody acts as an enzyme inhib- 
itor, useful information can frequently be obtained. Such studies have 
recently been reviewed by Marrack (1). 

With crystalline carboxypeptidase as an antigen, specific antibodies were 
obtained. The enzyme was found to fulfil most of the criteria for a homo- 
geneous substance in quantitative precipitin tests and with the agar diffusion 
technique. In homogeneous solution, the antibody interacted slowly with 
carboxypeptidase to produce a non-competitive inhibition of the catalytic 
activity. Certain properties of these systems were investigated. 


Immunological Studies 


Materials and Methods—Crystalline bovine carboxypeptidase (2) was 
recrystallized four times by the procedure of Neurath et al. (3). The final 
recrystallization was carried out from 0.2 m sodium chloride (4). The 
enzyme preparation which was used in this study contained only a single 
component in Veronal buffer, pH 8.5, at 0.2 ionic strength in the electro- 
phoresis apparatus and in the ultracentrifuge. 

Attempts to prepare antibody to carboxypeptidase by intravenous in- 
jection were unsuccessful. Four young female rabbits (2.1 to 2.6 kilos) 
were given 10 mg. of antigen four times weekly for 4 weeks. ‘Tests with 
sera obtained 5 to 10 days after the final injection showed no precipitating 
antibody. 

A preparation of antigen made by a modification of the Freund (5) 
technique was used successfully. The injection mixture was freshly made 
each time and consisted, by volume, of 2 parts of Falba (Pfaltz and Bauer, 


* This investigation was aided bv research grants from the National Institutes of 
Health, United States Public Health Service, and in part by contract No. Nonr- 
00100 between the University of Utah College of Medicine and the Office of Naval 
Research. 

Tt Merck Fellow in the Natural Sciences (1948-50). 
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Inc., New York), 2 parts of mineral oil, 2 parts of 10 per cent human serum 
albumin, and 1 part of antigen. Each ml. contained 50 mg. of carboxy- 
peptidase. Once weekly for 4 weeks, each of two rabbits was given 4 ml. 
of the antigen mixture subcutaneously over four separate sites of the back. 
Each animal received a total of 800 mg. of antigen. The animals were bled 
10 days after the last injection. 

Quantitative precipitin studies were made by the tyrosine method of 
Heidelberger and MacPherson (6) for estimation of the protein content of 
the precipitate. Carboxypeptidase was dissolved in 1.5 per cent sodium 
chloride because of its poor solubility in isotonic saline. Antigen (0.5 ml.) 
was added to antiserum (0.5 ml.), and after 48 hours at refrigerator tem- 
perature the preparation was centrifuged at 4° and washed once with 3.0 
ml. of 1.5 per cent sodium chloride.!. The protein content of the carboxy- 
peptidase solution was determined by a micro-Kjeldahl technique with 
the factor 7.0 to convert nitrogen to protein (2). It was found that the ap- 
parent “tyrosine” content of carboxypeptidase was 0.77 of that of a stand- 
ard preparation of human y-globulin of the same nitrogen content. Ac- 
cordingly, values for protein content of the precipitate were corrected for 
precipitates which were made in the zone of antibody excess where all of 
the antigen is in the precipitate. 

Precipitin Results—The failure of rabbits to produce precipitating anti- 
bodies on intravenous injection demonstrates that carboxypeptidase is a 
poor antigen and also shows that the preparation is free of highly antigenic 
impurities. However, the two rabbits which received the antigen in oily 
suspension did produce precipitating antibodies to a low titer. The results 
obtained with these two antisera by the quantitative precipitin technique 
are given in Table I and in Fig. 1. After a 4 week rest, one of the rabbits 
(V-2) was reimmunized with two injections, each containing 60 mg. of 
carboxypeptidase in the Freund adjuvant. Blood was taken 5 weeks after 
beginning this treatment. This antiserum (V-2-IT) was much more active 
than those obtained after the first course of immunization. 

Although quantitative precipitin tests could be performed only over a 
limited range of concentrations because of the low titer of the antisera, the 
plots of the antibody to antigen ratios (Ab:An) against the amount of 
antigen added are described by straight lines in conformity with the equa- 
tion 

Ab 


(1) 


1 We have found that a single washing of the precipitate is sufficient to remove 
contaminating proteins under the conditions specified when the volume of wash fluid 
is high compared to the minute amount of precipitate. When an additional washing 
was performed, only a negligible color reaction was given by the wash fluid. 
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given by Heidelberger and Kendall (7). In Equation 1, a = 2R, where 
R is the ratio Ab: An at the zone of equivalence, and the slope 6 corre- 
sponds to R?:A, where A is the total amount of antibody in the sys- 
tem. Calculated values for R and A are given in Fig. 1, together with 
the observed values for A. 

Since the molecular weights of the antigen and antibody are known, it 
is possible to calculate the molecular ratios of the combination at the zone 


TABLE | 
Precipitation Data of Carborypeptidase and Rabbit Antibody 


Supernatant 
Antiserum No. | Total ppt. | | 
| body 
| mg meg meg. meg. | 

V-1 0.05 0.36 0.38 0.33 6.6 | + = 
0.10 0.50 0.52 @ i 42 | + | = 
0.15 0.57 0.62 om: 
0.40 | 0.30 = + 
0.60 0.16 | 
0.05 0.31 ().32 0.27 5.4 + = 
0.10 0.40 0.43 0.33 3:3 - + 
0.15 ().28 | + 
0.20 0.25 
0.40 0.10 — | + 
0.12 + 
V-2-II 0.075 1.02 | 1.03 0.93 9.6 + 
1.26 7.8 + | — 

0.225 1.68 1.74 | (1.46)* | (6.0)* — 


* This determination is in the region of antibody excess. 


of equivalence. With the molecular weight of rabbit antibody as 160,000 
and that of carboxypeptidase as 34,000 (4), the calculated ratio of molecular 
weights is 4.7. The R values are 4.0, 4.2, and 6.0 (Fig. 1), which corre- 
spond to molar ratios of 0.85, 0.89, and 1.28. Within the precision of the 
determinations, it is likely that 1 mole of antibody is precipitated with 
each mole of antigen with the first two antisera; with V-2-IT, a higher ratio 
is indicated. 

The three antisera fulfilled certain of the criteria for homogeneous anti- 
gen-antibody systems. Antigen and antibody were not present simultane- 
ously in the supernatant fluid (see Table I). Although the data shown in 
Fig. 1 are limited, the agreement with Equation 1 also suggests the presence 
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of a single antigen and single antibody. Nevertheless, it will be noted 
that, beyond the zone of equivalence, the precipitate did not become com- 
pletely soluble upon further additions of antigen. Although this failure to 
give complete solution might be regarded as suggestive evidence of heter- 


0.6 
R= 40 J 
Ab (calc) =0.48mg./mi. 
0.4 Ab (obs.) = 0.46 4s 
0.2 a 4 
42 
re) 0 
~ V-2 
04 R* 4.2 8 
Ab (calc)*0.35mg./ml. 
Ab (obs.) «0.33 6 
Eo2 4 
e +2 
V-2-0 
Ab (caic.) * 1.44 mg./mi. 
Ab (obs.) = 1.46 
6 
4 
oO 
0.1 0.2 0.3. 0.4 0.5 0.6 


ANTIGEN ADDED (mg. ml.) 


Fic. 1. Precipitin data for three antisera to carboxypeptidase. Antiserum V-2- 
II was obtained on reimmunization of Rabbit V-2. @, left-hand ordinate; +, values 
for Ab:An (antigen to antibody) given on the right. 


ogeneity (8), few antigen-antibody systems are known which satisfy this 
criterion. 

Diffusion Studies—The antisera were examined by the agar diffusion 
technique of Oudin (9), as modified by Munoz and Becker (10). Studies 
were made at 4° and 30°, and at carboxypeptidase concentrations of 0.75 
and 1.5 per cent with all the antisera. In all the runs, only a single band 
of precipitate could be observed. The failure to detect more than one 
band is consistent with the apparent homogeneity of this antigen-antibody 
system. In each instance, there was found a linear relationship between 
the distance the precipitating zone moved and the square root of time. 
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This is to be expected for a normal diffusion process and has been previously 
found for several antigen-antibody systems (9, 10). 


Enzymatic Studies 


These studies were performed by procedures described in detail elsewhere 
(11). Carbobenzoxyglycyl-L-tryptophan (CGT) was used as substrate in 
a solution which was buffered at pH 7.5 with 0.007 m Veronal maintained 
at a total ionic strength of 0.5 with potassium chloride. Hydrolysis was 
measured by estimating liberated amino acid with the photometric ninhy- 
drin method of Moore and Stein (12). Inhibition was determined by the 
influence of the antiserum on the initial rate of hydrolysis of the substrate 
by the methods previously given (11). When 0.02 m CGT was used, the 
velocity was determined on aliquots taken before more than a few per cent 
of the substrate were hydrolyzed. With an initial CGT concentration of 
0.0075 M, it was necessary to calculate the initial velocities by a method 
already described (11). 

Although it was found that normal rabbit serum at tested dilutions of 
1:25 had no effect on carboxypeptidase, inhibition was observed with the 
specific antisera at much greater dilutions. ‘There is a strong inhibition of 
the enzyme which is independent of the substrate concentration, indicating 
that the inhibition is non-competitive in character. At 25° greater inhibi- 
tion is obtained when the antibody and enzyme are permitted to react for 
1 hour before the addition of the substrate, but no further increase in 
inhibition is observed after incubation for 4 hours. 

For non-competitive inhibition the equilibrium constant (A,) of the 
enzyme-inhibitor (antigen-antibody) system may be calculated from the 
equation 

= + (2) 


where V is the initial velocity and V;, is the velocity in the presence of in- 
hibitor and K,; and n are defined by the equations 


E+nIl= EI, (3) 
in which F# is enzyme and J is inhibitor and 
Ky = (4) 


In Fig. 2 are shown the data for serum V-2 obtained after preincubations 
of 1 and 4 hours, and when serum and enzyme were simultaneously added 
to the substrate solution (“‘zero time’”’). Since hydrolysis is measured as a 
function of time, the first determination made about 5 minutes after mix- 
ing, and slope is taken over a period of about 20 to 30 minutes (11), the 
inhibition measured at zero time is not an instantaneous value but is used 
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as a convenient term. The theoretical curves drawn are derived from 
Equation 2 where n = 1, indicating that the combination of 1 molecule of 
antibody with 1 molecule of enzyme produces inhibition. 

Although V-2-II contained a higher concentration of precipitating anti- 
bodies, it was less effective as an inhibitor when compared with V-2 on the 
basis of the total molar concentrations of antibody calculated from the 
quantitative precipitin data; however, V-2-IT was slightly more effective as 
an inhibitor than V-2 for equivalent volumes of serum. This suggests that 
two types of precipitating antibodies are produced to carboxypeptidase, 
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Fic. 2. Inhibition of carboxypeptidase action on CGT by rabbit serum V-2. O, 
CGT = 0.02 Mm, no preincubation; @, CGT = 0.02 m after 1 hour’s preincubation of 
enzyme and antiserum; +, after 4 hours preincubation; 0, CGT = 0.0075 m, no pre- 
incubation of enzyme and antiserum. The curves drawn are from Equation 2, where 
n= 1. The antibody concentration is givén in moles per liter. 


one which inhibits the enzymatic activity and the other which does not. 
It is well known (1) that the antibodies to urease, tyrosinase, ribonuclease, 
and some other enzymes give precipitates in which the enzymatic activity 
is largely uninhibited. In these cases, it is assumed that the antibodies 
combine with sites on the molecules which are not concerned with the 
enzymatic properties of the proteins (1). For carboxypeptidase, it must 
be assumed that reimmunization stimulated a relatively greater production 
of non-inhibitory than of the inhibitory antibodies. Alternatively, it would 
have to be assumed that the carboxypeptidase preparations are hetero- 
geneous, an assumption for which there is no other physical, immuno- 
chemical, or enzymatic evidence. 

The K; values are given in Table II for several determinations with 
serum V-2 and with V-2-II at two temperatures. These values for the 
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equilibrium constant are minimal since there is no way of estimating the 
absolute concentration of inhibitory antibody in each serum. Total anti- 
body has been calculated, as mentioned above, from the precipitin data. 

The inhibition of the enzyme by the antibody is reversible, as indicated 
by the fit of Equation 4 for non-competitive inhibition based on this 
assumption. For irreversible inhibition, Equation 4 would not be expected 
to describe the data. Moreover, reversibility could be directly demon- 
strated, since dilution of preincubated enzyme-antibody solutions caused a 
dissociation of the complex giving the lower and predicted inhibition values. 
If dissociation had not occurred, a constant amount of inhibition would 
have been found instead of the observed variations of inhibition, in accord 
with Equation 4. 

The non-competitive character of the antibody inhibition is shown not 
only by the lack of dependence on substrate concentration but also by the 


TABLE II 
Inhibition of Carboxypeptidase by Antisera 
The concentration of substrate is 0.02 m. 


Antiserum No. Temperature | Ki X 1077 wt 
| hrs. 
V-2 5 25 1 3.3 
2 25 4 3.0 
V-2-II 7 39.5 1 0.27 + 0.03 
9 25 1 0.47 + 0.20 


fact that competitive inhibitors of carboxypeptidase have no effect on the 
precipitin reaction. Samples of V-2-IT antiserum (0.5 ml.) were incubated 
for 1 hour at 37° with 0.5 ml. of diluent containing saline and the neutral- 
ized inhibitor at 0.01 mM. There was then added 0.5 ml. of carboxypeptidase - 
(0.16 mg. per ml.) and the tubes were kept at 4° for 48 hours. The quan- 
tity of precipitate was determined as described above. Within the pre- 
cision of the method, about 10 per cent, no decrease in the amount of 
precipitate was found with phenylpropionate, phenylacetate, or indoleace- 
tate, substances previously shown to be competitive inhibitors of carboxy- 
peptidase (13). The failure of these compounds to act as haptenes indi- 
cates that the antigen-enzyme interaction involves mainly sites which are 
not catalytically active. 

As indicated by the data of Fig. 2, the interaction of antigen and anti- 
body is a slow process. Since the velocity determinations show no lag in 
establishing this equilibrium after dilution of the reaction mixture by addi- 
tion of substrate, it may be concluded that the back-reaction EJ, — E + nI 
israpid. This suggests that the entropy of activation for the combination 
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reaction is large, as might be expected for a satisfactory bimolecular colli- 
sion of 2 large molecules. In classical terms, a large steric factor is to be 
expected. In addition, it was found that the reaction is very much slower 
at 6° that at 25°, indicating that a substantial activation energy also 
exists; at 6°, the reaction is incomplete in 2 hours. It should be noted 
that antigen-antibody reactions, frequently regarded as being almost in- 
stantaneous, have been generally studied by precipitin techniques (14), 
which are not strictly comparable with the present studies made by a 
sensitive enzymatic method in a very dilute homogeneous system. 


ACTIVITY ~ PER CENT 
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- -7.5 -7.0 -65 
LOG ANTIBODY CONC. 

Fig. 3. Inhibition of carboxypeptidase action on 0.02 m CGT by rabbit serum 
\V-2-II after preincubation of enzyme and antiserum for +, 1 hour; O, 2 hours; and 
@,22hours. The curve drawn is from Equation 2, where n = 2. The antibody con- 
centration is in moles per liter. 


From the K values obtained at 25° and 39.5° given in Table IT for serum 
\V-2-IT, a tentative calculation can be made of the thermodynamic constants 
for this system. These calculations yield for the association reaction the 
values, AF = —9 kilocalories, AH = —7 kilocalories, and AS = 7 entropy 
units. Most bimolecular combinations of small molecules are associated 
with negative entropy changes because of the loss of three translational and 
three rotational degrees of freedom. The positive entropy change obtained 
here can readily be explained if it is assumed that water molecules are 
dissociated from ionized groups on the surface of the two proteins during 
the combination. The liberation of 3 water molecules would result in a 
gain of similar degrees of freedom and would be sufficient to explain the 
small positive AS value observed. 

The above calculations have been limited to data obtained between 
25-39.5° because of an interesting complication found at 6.4°. In Fig. 3 
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are shown data obtained at the low temperature after a 22 hour preincuba- 
tion of enzyme and antibody. In contradistinction to the data obtained 
at higher temperatures, where the fit of the mass law equation indicates 
that n = 1, the data of Fig. 3 are described by the equation for non-com- 
petitive inhibition in which n = 2. Obviously, a different mechanism 
must be invoked at low temperatures but a completely satisfactory expla- 
nation cannot be offered at the present time. 

It should be noted that the data of Fig. 3 were obtained under conditions 
in which suitable controls were run. No detectable loss in enzyme activity 
occurred on standing at this low temperature. The points for 1 and 2 
hour preincubations, also shown in Fig. 3, indicate the very slow interaction 
at this temperature. 


DISCUSSION 


For those enzymes which are antigenic, tests have been made of the 
effect of the precipitating antibodies on enzymatic activity. With some 
enzymes, such as urease (15) and tyrosinase (16), the antibody does not 
inhibit enzymatic activity, whereas in a few cases the inhibition appears to 
be competitive in character; that is, antibody and substrate compete for 
the same site on the enzyme surface. This has been demonstrated by 
Zamecnik and Lipmann (17) for the lecithinase of Clostridium welchit and 
by Kubowitz and Ott (18) for crystalline lactic dehydrogenase of rat mus- 
cle. In many other studies (1), the inhibition of the enzyme is non-com- 
petitive, which is the case for the carboxypeptidase-antibody interaction 
described in this study. 

The use of an antigen with enzymatic activity provides a highly sensitive 
method for the study of the kinetics and thermodynamics of antigen-anti- 
body combination in homogeneous solution. By this means it has been 
possible to demonstrate that the interaction for the carboxypeptidase-anti- 
body system is much slower than would be expected on the basis of the 
precipitin studies of Heidelberger et al. (14). Moreover, although combin- 
ing ratios of antibody and antigen can be calculated from precipitin studies 
(7) or from physical studies made in the region of antigen excess, such as 
those of Singer and Campbell (19), the enzymatic method provides a means 
of determining such ratios in very dilute solutions. The results depend on 
the quantitative character of the inhibition, but it should be noted that 
such measurements indicate the combination which results in enzyme in- 
hibition; after an inhibited complex has been formed, further combination 
would not be detected in this system. For carboxypeptidase, the precipitin 
studies with serum V-2 show that at the zone of equivalence there is a 
combination of appoximately 1 mole of antibody and 1 mole of enzyme; 
this corresponds to the inhibition data at 25° obtained with this serum. 
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With serum V-2-II, the inhibition data at 25° and 39.5° also show a 1:1 
combination of antibody and enzyme but indicate a 2:1 combination at 
low temperatures. Correspondingly, the precipitin data obtained at low 
temperatures with the serum yield a molar ratio of approximately 1.3; 
this suggests that, in the region of antibody excess, a limiting ratio of 2:1 
would be found for this antiserum. 

We had hoped that it would be possible to perform accurate rate deter- 
minations of the antibody-enzyme interaction. However, with the limited 
amounts of weak antisera which have been obtainable, carboxypeptidase is 
probably not the best enzyme for such an investigation. Such studies 
would be most fruitful with a much stronger antigen than this enzyme. 


SUMMARY 


1. Crystalline bovine carboxypeptidase was used as an antigen in ob- 
taining rabbit antisera which contained precipitating antibodies. Studies 
showed that the system contained only a single antibody and a single 
antigen as judged by quantitative precipitin tests and by observations with 
the agar diffusion method. 

2. The antibodies interacted slowly with the enzyme to produce a non- 
competitive inhibition since the extent of inhibition was not influenced by 
substrate concentration. Moreover, competitive inhibitors of carboxy- 
peptidase of low molecular weight had no influence on the antigen-antibody 
interaction. 

3. At high temperatures (25-39.5°), the inhibition is described by the 
equation for an interaction of 1 molecule of antibody for each active site 
of enzyme. At 6.4°, the data are described by an equation where the 
enzymatic site reacts with 2 molecules of antibody. 
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THE SPECIFICITY OF LEUCINE AMINOPEPTIDASE 


III. ACTION ON DIASTEREOISOMERS* 


By EMIL L. SMITH, DARREL H. SPACKMAN, anv W. J. POLGLASE 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders, and the 
Departments of Biological Chemistry and Medicine, University of Utah College 
of Medicine, Salt Lake City, Utah) 


(Received for publication, June 28, 1952) 


Previous studies of the specificity of leucine aminopeptidase have shown 
that this enzyme can hydrolyze a variety of aliphatic amino acid amides 
and peptides (1-4). The most rapid action is on compounds which possess 
the free amino group of leucine. For dipeptides of the structure shown in 
I, the dash line indicates the hydrolytic action. 


NH, 


| 
R’—CH—C—'—NH—CH COOH 


R’ 
(1D) 


The nature of the amino acid residue bearing R’ has a profound influence 
on the sensitivity of the peptide, whereas the residue with R” has much 
less effect on the rate of hydrolysis by the enzyme. Such peptides as L- 
leucylglycine, L-leucyl-8-alanine, and L-leucyl-L-alanine are split at rates 
which vary only by a factor of about 2. The residue possessing R’ must 
be of the L configuration; Dp compounds are completely resistant to hy- 
drolysis. It has been found, however, that L-leucyl-p-alanine (4) is hy- 
drolyzed at about 5 per cent of the rate of the L-L diastereoisomeric pep- 
tide. It is apparent that the relationship between the configuration of the 
R” residue and the activity of the enzyme is of a different character from 
that of the R’ residue inasmuch as the action of the enzyme is, in one case, 
completely blocked, and in the other only partially hindered. 

This phenomenon has been studied further by investigating the action 
of the enzyme on a number of diastereoisomeric dipeptides containing L- 
leucyl as the R’ residue combined with the leucines, isoleucines, valines, 
and phenylalanines of both the p and L configurations. In addition, the 
action of leucine aminopeptidase on the amides of valine, isoleucine, and 


* This investigation was aided by research grants from the National Institutes 
of Health, United States Public Health Service. 
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a-aminocaprylic acid has been studied for comparison with the rates of 
hydrolysis of other aliphatic amino acid amides previously reported (4). 

The synthesis of several new amino acid ester and amide hydrochlorides 
and of a number of diastereoisomeric peptides containing t-leucine is also 


described. 


EXPERIMENTAL 


Enzyme Preparations—The source of enzyme was swine intestinal mu- 
cosa. Two types of preparations at different levels of purification were 
used. Preparation I of this study was obtained from an extract dried from 
the frozen state of intestine’ by the procedure described for Preparation B 
of an earlier investigation (4). Preparation II was isolated from fresh 
mucosa by the method of Smith and Bergmann (2) with some further 
purification by fractionation with acetone (3). 

Procedure—Enzyme preparations were incubated at pH 7.8 to 8.0 with 
0.02 m MnCl, for 2 to 4 hours at 40° in order to achieve maximal! activities 
(2). The mixtures were buffered with 0.035 m Veronal or 0.1 M tris(trihy- 
droxymethy])aminomethane (Tris); identical results were obtained with 
either buffer. Aliquots of the incubated solution were added to the buf- 
fered substrate solutions for measurement of the hydrolytic reactions. The 
concentration of Mn** in the test solutions was 0.002 to 0.008 m. Control 
measurements with L-leucinamide showed that optimal and identical rates 
were achieved with final concentrations of Mn** between 0.001 and 0.03 M. 
Enzyme concentrations are given for the final reaction mixtures. Sub- 
strate concentrations were 0.05 M unless otherwise indicated. 

Hydrolysis was measured by the titration of liberated carboxy! groups 
(5). Proteolytic coefficients (C) were estimated in the usual manner from 
C = K/E, where K is the first order velocity constant calculated in decimal 
logarithms and F is the enzyme concentration given in mg. of protein N 
per ml. of test solution. The complete hydrolysis of one peptide or amide 
bond is given as 100 per cent. 

Substrates—The following compounds were prepared as previously de 
scribed: t-Leucinamide hydrochloride (3), L-leucyl-L-alanine (6), and L- 
leucyl-p-alanine (6). L-Leucyl-L-tyrosine was a commercial preparation 
obtained from Hoffmann-La Roche. We are indebted to Dr. A. Meister of 
the National Cancer Institute for the sample of pL-a-aminocaprylic acid 
amide (7). 

It is much more difficult to prepare the ester and amide hydrochlorides 
of valine and isoleucine than the similar derivatives of other aliphatic 
amino acids. Esterification of valine or isoleucine requires boiling with 


1 We are indebted to Dr. E. E. Hays of the Armour Laboratories for supplying 
us with samples of dried intestinal extract. 
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alcoholic HCl in contrast to other amino acids which are easily esterified 
in the cold or at room temperature. Amidation of valine and isoleucine 
ester hydrochlorides is incomplete after 10 days at room temperatures 
(20-25°), whereas amides of other amino acids are obtained in high yield 
after 1 or 2 days under identical conditions (2-4). It is apparent that the 
branching at the 8-carbon atom greatly retards the reactions of the carboxy] 
group of valine or isoleucine. 

It was observed that melting points previously reported for some of the 
amino acid ester hydrochlorides are much too low, despite satisfactory 
analytical figures for nitrogen. Our experience has been that the deter- 
mination of the nitrogen content of amino acid methyl ester hydrochlorides 
as a criterion of purity is of little value since, with incomplete esterification, 
the main impurity is the amino acid hydrochloride whose N content differs 
little from that of the methyl ester hydrochloride. More reliance can be 
placed, as in the present investigation, on equivalence of the melting points 
and of the optical rotations of L and p isomers, or on methoxy] determina- 
tions. 

The methoxyl determinations reported below were carried out by the 
procedure of Hoffman and Wolfrom (8). Elementary analyses were per- 
formed by Weiler and Strauss of Oxford. 

L-Isoleucine Methyl Ester Hydrochloride—10 gm. of L-isoleucine were sus- 
pended in 125 ml. of methanol, which was saturated with dry HC] gas and 
refluxed for 3 hours. Repeated concentration in vacuo with methanol 
yielded a syrup which was reesterified twice more by the same procedure. 
Repeated evaporation in vacuo with acetone yielded a partially crystalline 
product which was recrystallized from acetone-ether and dried in vacuo over 
KOH. Yield, 7.6 gm.; m.p., 98-100°. 


C7H,;.O2NClI1 (181.7). Calculated, CH;0 17.1; found, CH;0 16.5 
la]J5 = +26.6° (2% in 


L-Isoleuctnamide Hydrochloride—u-Isoleucine methyl ester hydrochloride 
(4.3 gm.) was dissolved in 100 ml. of methanol which was saturated with 
dry ammonia gas at 0°. The solution was allowed to remain in a pressure 
bottle at room temperature for 10 days. The solution was concentrated 
in vacuo repeatedly with methanol and the product recrystallized from 
methanol-ether; yield, 1.6 gm. A second amidation of the substance in 
the mother liquor as described above yielded another 0.7 gm. The melting 
point was 246° with slight decomposition. For analysis, the compound 
was recrystallized once more from methanol-ethy] acetate. 


Calculated. C 43.2, H 9.1, N 16.8 
166.7 Found. 43.5, 9.3, 16.8 
[a]> = +21.2° (1% in water) 
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p-Isoleucine Methyl Ester Hydrochloride—9.8 gm. of p-isoleucine were 
esterified as described above. After recrystallization from methanol-ether, 
4.25 gm. of product were obtained. After a second recrystallization, the 
substance melted at 98—100°, identical with that of the L compound. 


la]Jp = —26.6° (2% in water) 


p-Isoleucinamide Hydrochloride—This was prepared as already described 
from 1.7 gm. of the ester hydrochloride. After two amidations, a total 
yield of 1.1 gm. was obtained. Recrystallization from methanol-ether gave 
a product which melted at 246—-247° with decomposition. 


Calculated. C 43.2, H 9.1, N 16.8 
166.7 Found. “© 43.3,“ 9.4, “ 16.7 
fa] = —21.0° (1% in water) 


L-Valine Methyl Ester Hydrochloride—9.8 gm. of L-valine were esterified 
as described above, yielding 8.6 gm. of rectangular plates which, after 
recrystallization from methanol ether, melted at 167.5—-168°. 


C.H,,0.NCI. Calculated. N 8.4, CH;0 18.5 
167.6 Found. 
la]p = +15.5° (2% in water) 


Synge (9) reported m.p., 146-149°, and [a];? = +14° (3 per cent in water) 
for this: compound prepared by a different method. 

L-Valinamide H ydrochloride—The ester hydrochloride (3.0 gm.) was ami- 
dated as described above. After recrystallization from methanol-ethyl 
acetate, the product melted at 268° with decomposition; yield, 1.85 gm. 

CsHi,0N.Cl. Calculated. C 39.3, H 8.6, N 18.4 


152.6 Found. ‘* 30.2, ** 8.6, ** 18.5 
la]p = +28.3° (1% in water) 


p-Valine Methyl Ester Hydrochloride—KEsterification of 5.0 gm. of p-valine 
yielded 6.5 gm. of hexagonal plates melting at 167.5—168° after recrystalliza- 
tion from methanol-ether. 
CeHisO2NCl. Calculated. N 8.3, CH;0 18.5 
167.6 Found. 17.9 
la]J> = —15.6° (2% in water) 
p-Valinamide Hydrochloride—2.1 gm. of the ester hydrochloride were 
amidated to yield 1.4 gm. of crystalline product. After recrystallization 
from methanol-ether, the product separated in square plates; m.p., 268- 
269° with decomposition. 


~CsHi:;0N-2Cl (152.6). Calculated, N 18.4; found, N 18.4 
la]} = —28.3° (1% in water) 
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pi-Valine Methyl Ester Hydrochloride—Esterification of 20 gm. of pL- 
valine yielded 27.4 gm. of product which, after recrystallization from meth- 
anol-ether, gave 16.8 gm. of large plates. A sample was recrystallized 
from the same solvents for analysis; m.p., 120—122°. 


Calculated. N 8.3, CH;O 18.5 


Fox and Minard (10) report a melting point of 90-97° for this compound. 

pL-Valinamide Hydrochloride—The ester hydrochloride (4.05 gm.) gave, 
after recrystallization from methanol-ether, 2.9 gm. of product; m.p., 245° 
with decomposition. 


CsH:;0N:Cl. Calculated. C 39.3, H 8.6, N 18.4 
152.6 Found. ‘* 39.2, ‘* 8.6, “ 18.3 


Errera and Greenstein (11) prepared pL-valinamide as the free base by 
amination of the free ester. Yields and properties were not given. 

Methyl Hster—Carbobenzoxy-.-leucine 
azide from 7.6 gm. of carbobenzoxy-L-leucine hydrazide (12) was added to 
an ethereal solution of L-leucine methyl ester prepared from 5.0 gm. of the 
hydrochloride. The reaction mixture was allowed to stand overnight at 
room temperature and was then washed consecutively with nN HCl, water, 
2 per cent sodium bicarbonate, and finally water; it was then dried over 
sodium sulfate. Upon addition of petroleum ether (b.p. 30—60°), 3.5 gm. 
of needles were obtained. The melting point was 97.5—98.5° after recrystal- 
lization from methanol-water. 


C2H320;N2 (392.5). Calculated, N 7.1; found, N 7.0 
fa] = —33.8° (1% in ethanol) 


Carbobenzoxy-L-leucyl-L-leuctne—3.5 gm. of the above ester were saponi- 
fied in acetone at room temperature for 45 minutes by addition of 9.8 ml. 
of n NaOH. The solution was acidified to Congo red, concentrated in 
vacuo, and the product extracted into ethyl acetate and dried over sodium 
sulfate. Upon addition of petroleum ether (b.p. 65-110°), 3.2 gm. of the 
substance were obtained; m.p., 98-101°, after recrystallization from the 
same solvents. 


CooH300;N2 (378.2). Calculated, N 7.4; found, N 7.5 
[a]J> = —24.7° (1% in ethanol) 


L-Leucyl-L-leucine—2.74 gm. of the carbobenzoxydipeptide were hydro- 
genated in 30 ml. of methanol containing 1.5 ml. of water and 1.5 ml. of 
glacial acetic acid in the presence of palladium black. The catalyst was 
removed and the filtrate concentrated repeatedly in vacuo with methanol; 
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ether was added to complete the crystallization. After recrystallization 
from ethanol-ether, 1.56 gm. of product were obtained as the monohydrate. 


Ci2H2s03;N2-H2O. Calculated. C 54.9, H 10.0, N 10.7 


262.3 Found. 54.7, 9.6, 10.6 
[a]p = —13.6° (5% in n NaOH) 
Fischer (13) reported [a]?? = — 13.43° (5 per cent in N NaOH), —13.36° 


(10 per cent in N NaOH) for the same peptide prepared by amination of 
d-a-bromoisocapronyl-L-leucine. 

Carbobenzoxy-t-leucyl-p-leucine Methyl Ester—The azide from 5.76 gm. 
of carbobenzoxy-L-leucine hydrazide and the ester from 4.5 gm. of p-leucine 
methyl ester hydrochloride were coupled and washed as described above. 
The product crystallized from ether-petroleum ether (b.p. 30—-60°). Yield, 
4.53 gm.; m.p., 81.5-82.5°, after recrystallization from the same solvents. 


Co,H320;N 2. Calculated. C 64.3, H 8.2, N 7.1 
392.5 Found. 64.3, 8.3, 7.4 
fa]% = +2.30° (1% in ethanol) 


L-Leucyl-p-leucine—4 gm. of the above ester were saponified with 10 per 
cent excess N NaOH for 2 hours at room temperature. Plates melting at 
96-102° were obtained from ethyl acetate-ether; these were not obtained 
analytically pure; yield, 2.0 gm. 1.1 gm. of the carbobenzoxydipeptide 
were reduced in the usual manner. The product was obtained as micro- 
crystals from methanol-ether; yield, 0.63 gm. It was recrystallized from 
methanol-ethyl acetate and obtained as the monohydrate on being dried 
in air. 

Ci2H2sO3N2-H2O. Calculated. C 54.9, H 10.0, N 10.7 


262.3 Found. 54.6, “ 10.0, 10.7 
= +74.4° (1% in HCl) 


Fischer and Koelker (14) reported fa}?? = +68.95° (10 per cent in N HCl) 
for the same compound prepared from d-a-bromoisocapronyl-p-leucine. 
The different temperatures and concentrations probably account for the 
discrepancy in the rotations. 

Carbobenzoxy-t-leucyl-L-isoleucine—Carbobenzoxy-L-leucine azide from 
4.0 gm. of the hydrazide was coupled to L-isoleucine methyl] ester prepared 
from 2.4 gm. of the hydrochloride and worked up as described. The 
resulting syrupy compound was saponified in acetone with 13.0 ml. of Nn 
NaOH at room temperature for 45 minutes. The product was crystallized 
from ethyl acetate by addition of ether-petroleum ether (b.p. 65—-110°). 
Yield, 2.9 gm.; m.p., 101—101.5°, after recrystallization from the same 
solvents. 


CooH 300;N 2. Calculated. C 63.5, H 8.0, 7 
378.2 Found. 7 
la], = —12.0° (1% in ethanol) 


4 


| 


E. L. SMITH, D. H. SPACKMAN, AND W. J. POLGLASE 807 


L-Leucyl-L-isoleucine—2.0 gm. of the carbobenzoxydipeptide were re- 
duced in the usual manner and isolated from methanol-ether; yield, 1.2 
gm. The dipeptide was dissolved in water and a trace of insoluble material 
was removed by filtration; the compound was isolated by concentration 
in vacuo. 


Ci2H2sO3N2. Calculated. C 59.0, H 9.9, N 11.5 
244.3 Found. “ 58.5, “© 10.3, 11.5 
fa]p = +20.9° (1% in water); [a]p} = +26.1° (1% in n HCl) 


Abderhalden and Hirsch (15) reported [a], *= +25.7° (3 per cent in N 
HCl) for the same dipeptide prepared from d-a-bromoisocapronyl-tL-iso- 
leucine. 

azide from 
5.0 gm. of the hydrazide was coupled to p-isoleucine methyl ester prepared 
from 3.25 gm. of the hydrochloride. The syrup was saponified as previ- 
ously described, and crystallized twice from ethyl acetate-petroleum ether 
(b.p. 30-60°); m.p., 70—-71°. 

CooH300;N2. Calculated. C 63.5, H 8.0, N 


7.4 
378 .2 Found. 6.4," 
la]p = —29.6° (1% in ethanol) 


L-Leucyl-p-isoleucine—-2.0 gm. of carbobenzoxy-L-leucy]-p-isoleucine were 
reduced in the usual manner. After repeated concentration 1m vacuo with 
methanol, a gel-like product was obtained from methanol-ether, which was 
recrystallized from ethyl acetate-petroleum ether (b.p. 65-110°); yield, 
1.32 gm. of microneedles. The substance was recrystallized from meth- 
anol-ethyl acetate-petroleum ether (b.p. 65-110°) and obtained as the 
monohydrate after drying in air. A sample was dried to constant weight 
in vacuo at 94°. 

Calculated. C 54.9, H 10.0, H.O 6.9 


la] = +58.4° (1% in water) 


Abderhalden and Schuler (16) reported [a}?? = +53.1° (2.1 per cent in 
water) for the same dipeptide prepared from d-a-bromoisocapronyl-pD-iso- 
leucine. 

Carbobenzoxy-L-leucyl-L-valine—The coupling was performed with carbo- 
benzoxy-L-leucine azide from 4.6 gm. of the hydrazide and L-valine methyl 
ester prepared from 2.5 gm. of the hydrochloride. The syrupy product 
was saponified and the free acid was crystallized twice from ether-petro- 
leum ether (b.p. 65-110°); yield, 3.8 gm. of rectangular plates which melted 
at 108—-109°. 


C,yH.,O;N» (364.4). Calculated, N 7.7; found, N 7.3 
la]n = —15.0° (1% in ethanol) 
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L-Leucyl-L-valine—The carbobenzoxydipeptide (2.0 gm.) was hydrogen- 
ated and the peptide isolated from methanol-ether. The substance was 
obtained as the monohydrate after recrystallization from water-methanol- 
ethyl acetate; yield, 1.35 gm. 


Calculated. C 53.2, H 9.8, N 11.3 
248.3 Found. “$68.5, 9.7, 21.1 
la]J> = +18.2° (1% in n HCl); + 17.7° (1% in water) 


Fischer and Scheibler (17) reported [a};? = +18.0° (10 per cent in water) 
for the same peptide prepared by amination of d-a-bromoisocapronyl-t- 
valine. 

Methyl Ester—-Carbobenzoxy-.-leucine 
azide prepared from 11 gm. of the hydrazide was coupled to p-valine 
methyl ester from 6 gm: of the hydrochloride. Addition of petroleum 
ether (b.p. 30-60°) to the washed and dried ethereal solution yielded 10.4 
gm. of product. After recrystallization from ether, the melting point was 
102—102.5°. 


CooHyo0O;Ne2 (378.4). Calculated, N 7.4; found, N 7.5 
la]h = —7.92° (1% in ethanol) 


L-Leucyl-p-valine—2.5 gm. of the above ester were saponified to give a 
product which was crystallized from ethyl acetate-ether-petroleum ether 
(b.p. 65-110°), but was not obtained analytically pure; yield, 2.0 gm. 2.5 
gm. of the carbobenzoxydipeptide were reduced to give 1.6 gm. of the 
peptide from methanol-ether; m.p., 276—-278°, with decomposition. After 
recrystallization, the compound gave analytical figures for the monohy- 
drate. 


Calculated. C 53.2, H 9.7, N 11.3 
248.3 Found. ** 53.0, 9.8, 11.4 
lal = +55.3° (1% in water) 


Ethyl Ester-—Yhe coupling was per- 
formed with carbobenzoxy-.-leucine azide from 5 gm. of the hydrazide and 
L-phenylalanine ethyl ester prepared from 4.1 gm. of the hydrochloride. 
The product was obtained from ether-petroleum ether (b.p. 30—60°); yield, 
6.2 gm. The melting point, after recrystallization from ethyl acetate- 
petroleum ether (b.p. 65—110°), was 95-96°. 


C.5H320;N>2 (440.5). Calculated, N 6.4; found, N 6.3 
la]jp = —21.6° (1% in ethanol) 


Carbobenzoxy-.-leucyl-L-phenylalanine—4.0 gm. of the ester were saponi- 
fied as already described. After extraction into ethyl acetate and concen- 
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tration to dryness in vacuo, the product was crystallized from ethanol- 
water. Yield, 2.3 gm.; m.p., 119—-121°. 


C23H2O5N 2 (412.5). Calculated, N 6.8; found, N 6.8 


L-Leucyl-L-phenylalanine—2.0 gm. of the carbobenzoxydipeptide were 
hydrogenated in the manner described above. After repeated concentra- 
tion 7n vacuo with methanol, 1.2 gm. of the product were isolated as the 
monohydrate. A sample was dried in vacuo at 106°. 


CisH22.03;N2-H.O. Calculated. N 9.4, H.O 6.1 
296 .4 Found. “9.4, 6.4 
[a]> = +9.7° (1% in water) 


Ethyl Ester—Carbobenzoxy-.-leu- 
cine azide from 4 gm. of the hydrazide and the free ester from 3 gm. of 
p-phenylalanine ethyl ester hydrochloride were coupled in ether as de- 
scribed above. 3.5 gm. of the product (m.p., 107.5-108.5°) erystallized 
from the reaction mixture. A second crop (0.7 gm.) was obtained upon 
addition of petroleum ether (b.p. 65-110°) to the mother liquor. 


Co5H3205N 2. Calculated. C 68.1, H 7.3, N 6.4 
440.5 Found. 68.4, 7.1, “ 6.2 
la]p = —16.9° (1% in ethanol) 


Synge (9) prepared this compound by coupling carbobenzoxy-.L-leucy! chlo- 
ride to p-phenylalanine ethyl ester and reported a melting point of 103- 
105°; [a]’? = —19° (2.7 per cent in ethanol). 

Carbobenzoxy-L-leucyl-p-phenylalanine—3.4 gm. of the above ester were 
saponified as described. 2.9 gm. of fine needles were obtained from ethyl 
acetate-petroleum ether (b.p. 65-110°); m.p., 114-115°. 


Cos3H2x2OsNe2. Calculated. C 66.9, H 6.8, N 6. 
[a]p = —39.5° (1% in ethanol) 


8 
8 


This compound was obtained by Synge (9) as an oil. 

L-Leucyl-p-phenylalanine—2.0 gm. of the carbobenzoxydipeptide were 
hydrogenated to yield 1.28 gm. of product from methanol-ether. The 
dihydrate melted at 253-255° with decomposition. 


CisH2203N2:2H.0O. Calculated. C 57.3, H 8.3, N 8.9 
314.4 Found. 37.7, 6.4, * 8.4 
la]p = +29.7° (1% in glacial acetic acid) 


Synge (9) reported [a],’ = +25° (2.4 per cent in glacial acetic acid) for the 
hydrated material; this gives [a];” = +28.2° (1 per cent in glacial acetic 
acid) for the anhydrous compound. 
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Enzymatic Studies 


Effect of pH—In earlier studies, Johnson and coworkers (18) investigated 
the effect of pH on the activity of the Mgtt-activated enzyme from swine 
intestinal mucosa. They found an optimum at pH 8.0 with a slight decline 
up to pH 9.2, where a sharp decrease was encountered because of the 
precipitation of Mg(OH)s. In the present investigation, the activity of 
the Mn*+-activated enzyme was found to increase rapidly from pH 6.0 to 
7.8 and then remained constant to the highest value tested, pH 9.3. For 
the determinations given in Fig. 1, the buffer mixture contained both Tris 
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Fic. 1. Effect of pH on the hydrolysis of t-leucinamide by leucine aminopep- 
tidase. Enzyme preparation was activated by preincubation at 40° with Mn** at 
pH 8.0 and aliquots were added to substrate buffered with a mixture of Tris and 
cacodylate. For the points at the two most acid pH values, the concentration of 
each buffer ion was 0.04 m. In all other determinations, each substance was present 
at 0.02 


and cacodylate (19). Neither substance had any inhibitory effect on the 
enzyme, as determined in comparable tests with Tris alone or with Veronal 
alone. 

Although the form of the S-shaped curve in Fig. 1 suggests that of a 
simple titration curve the data cannot be described by the equation for the 
titration of a single ionic group. However, the points are readily, although 
arbitrarily, fitted by the titration curves of two ionic groups whose pK’ 
values fall at 6.8 and 7.6. If it is assumed that the formation of the metal- 
protein complex involves coordination of Mn* with at least two groups 
(1, 4), these pK values are consistent with an assumed binding with an 
unionized imidazole group and an unionized terminal a-amino group in 
peptide linkage or with two imidazole groups of different pK values. 
Moreover, it is well known that metal-enzymes of the type of leucine 
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aminopeptidase lose activity at slightly acid pH values because of loss of 
the metal ion; this is readily effected by dialysis, whereas at alkaline pH 
values it is difficult to remove the metal ion by dialysis. The increased 
enzymatic activity with increasing pH may then be explained as due to an 
increased coordination of the metal ion with the protein. 

Hydrolysis of Amides—In Table I are shown the results for the action of 
leucine aminopeptidase on several amino acid amides for the two enzyme 
preparations at different levels of purity, as indicated by the C’ values. 
The action on L-leucinamide is given as 100 per cent to facilitate compari- 


TABLE | 
Hydrolysis of Amino Acid Amides 
Each C value is the average of at least two independent runs in which several 
measurements were made. Mn*t = 0.002 to 0.005 m; pH 8.0; ¢ 40°. Enzyme con- 
centration (EF) is in mg. of protein N per ml. X 103. 


| Preparation I | Preparation II 

| per cent | per cent 
25.6 0.14 ~—:100 1.92, 1.5 | 100 
L-Isoleucinamide................. 205 0.010. 7 19.2 0.16 11 
p-Isoleucinamide................ 128 | 0 | 0 
.. 205 0.012 8 19.2 0.18 12 
p-Valinamide.................... 128 0 | 0 19.2 O 0 
205 0.011 8 19.2 0.18 12 
pi-a-Aminocaprylic amide*f ..../ 25.6 0.086 61 1.92 1.2 80 


* Present at 0.1 m. Rate of hydrolysis is computed only for the susceptible L 


form. 
t The L-aminocaprylic acid begins to crystallize after about 25 to 30 per cent 
hydrolysis of the L-amide. 


son with earlier studies in which this substrate was used as a standard. 
No hydrolysis of the p-amino acid amides was detected after 24 hours 
incubation with the enzyme. The resistance of these compounds to the 
action of the enzyme is to be expected from earlier investigations of optical 
specificity (4). 

L-Isoleucinamide and t-valinamide are hydrolyzed at comparable rela- 
tive rates by both enzyme preparations, but these rates are extremely slow 
when compared with the corresponding straight chain amino acid amides.” 
It was found earlier that norleucinamide is hydrolyzed at the same rate as 


2 Errera and Greenstein (11) have previously shown that crude extracts of normal 
and neoplastic tissues of rat and mouse attack pL-valinamide more slowly than 
DL-leucinamide. 
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leucinamide, whereas norvalinamide is cleaved at about 80 per cent of the 
rate of leucinamide (4). 

The data obtained with the amide of a-aminocaprylic acid are perhaps 
less reliable because of the crystallization of the liberated acid during the 
assay. However, the long chain compound is somewhat less sensitive than 
leucinamide to the action of the enzyme. 


TaBLe II 
Hydrolysis of Peptides 
Each C value is the average of two or more independent kinetic runs. Mn*+ = 


0.002 to 0.008 m; pH 8.0; ¢ 40°. Enzyme concentration (£) is in mg. of protein N 
per ml. X 10%. 


Preparation I Preparation II 
per cent : | per cent 
L-Leucyl-L-leucine.............. 25.6 | 0.14 100 1.92 | 2.0 100 
L-Leucyl-p-leucine.............. 256 0.0013 0.9 | 96 0.014 0.7 
L-Leucyl-L-isoleucine........... 25.6 | 0.12 86 1.92 1.6 80 
L-Leucyl-p-isoleucine ......_... | 256 0 96 0 
(256 «| 0 | (0 | 
| | 1.92/1.2 | 60 
L-Leucyl-p-alanine.............. | | 38.4 | 0.058 3 
L-Leucyl-L-phenylalanine...... | | | 1.92 | 0.44 | 22 
L-Leucyl-p-phenylalanine....... | | 0.009 | 0.45 
L-Leucyl-L-tyrosinet............ 4.80 | 0.30 15 
| 


* No detectable hydrolysis of these compounds was observed after 24 hours in- 
cubation. 
t Crystallization of L-tyrosine during the course of the reaction. 


Action on Diastereoisomeric Peptides—The data in Table II show that all 
of the dipeptides of the L-L type are rapidly hydrolyzed by leucine amino- 
peptidase. The compounds which contain L-phenylalanine and L-tyrosine 
are, however, much less sensitive than the peptides which contain only 
aliphatic amino acids. This is particularly striking since the peptides 
which contain L-leucyl-L-amino acid are influenced only to a small extent 
by the nature of the terminal aliphatic residue. The larger L-leucyl deriva- 
tives are hydrolyzed in the order L-leucine> L-isoleucine > L-valine > L- 
alanine; however, L-leucylglycine is hydrolyzed at about the same rate as 
L-leucyl-L-leucine. 

It has been reported earlier that L-leucyl-p-alanine is hydrolyzed by this 
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enzyme (4). It has now been found that L-leucyl-p-leucine and t-leucyl- 
p-phenylalanine are hydrolyzed by leucine aminopeptidase, although these 
are cleaved more slowly than the compound containing p-alanine. It will 
be noted that the diastereoisomeric leucylleucines show the same relative 
rates of hydrolysis for Preparations I and II. 

In order to test further whether leucine aminopeptidase is responsible for 
the hydrolysis of the susceptible dipeptides containing pD residues as well as 
other substrates, experiments were performed in the absence of added 


TABLE III 
Hydrolysis of Tested Substrates without Added Mn** 
The amount of activity has been computed in comparison with the fully activated 
preparations given in Tables I and II. 


Preparation I Preparation II 
Activity Activit 
Cc compared to Cc compared to 
Mn**-activated Mn**-activated 
per cent per cent 

t-Isoleucinamide....................... 0.0015 15 0.010 6 
pL-a-Aminooctanoic amide*............ 0.021 24 0.18 15 
0.028 20 0.23 12 
t-Leucyl-p-leucine..................... 0.0003 23 0.0013 9 
t-Leucyl-L-isoleucine.................. 0.016 13 0.11 7 
t-Leucyl-t-valine ...................... 0.012 14 0.080 6 
0.15 12 
| 0.0069 12 
0.089 21 
0.0021 23 
L-Leucyl-L-tyrosine.................... 0.012 | 28 0.092 31 


* Present at 0.1 mM. 


Mnt under the same conditions as those given in Tables I and II. The 
data shown in Table III indicate that the rate of hydrolysis of all of the 
tested compounds is markedly accelerated by the presence of added Mn*", 
although there is some variation in the amount of activation. Despite 
these variations, it is noteworthy that the susceptible pairs of diastereoiso- 
meric dipeptides each showed similar amounts of activation; that is, in the 
absence of added Mn*, the leucylleucines had about 11 per cent of the 
activity of the fully activated enzyme, the leucylalanines 12 per cent, and 
the leucylphenylalanines about 22 per cent for Preparation II. It will be 
noted that greater activation is obtained with the more highly purified 
Preparation [I, although no particular efforts were made to remove the 
natural activator. 


t 
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Kinetics—Under the conditions of the tests, all of the sensitive substrates 
gave satisfactory first order kinetics for the hydrolytic reaction. In each 
instance, even with less sensitive compounds, the reaction was followed 
until at least 50 per cent hydrolysis had occurred, and, in many cases, was 
allowed to proceed to completion. Representative data for several com- 


TABLE IV 
Kinetics of Hydrolysis for Several Substrates 
Enzyme concentration (F£) is in mg. of protein N per ml. x 10%. 


Substrate | | E Hydrolysis. Cc 
| | M min. per cent | 
| 0.006 205 35 14 0.009 
| | 63 7 | 0.011 
| | 88 36 «0.011 
| | 14] 53 | «0.011 
II | 0.002 1.92, 24 20 2.1 
| | | 41 | 2.0 
| 80 2.2 
| |0.002| 25.6; 21 15 0.13 
| 35 27 0.15 
| | 66 37 0.12 
94 ol 0.13 
| IL |0.003) 96 | 46 140.015 
| 23. (0.015 
| «(137 33 0.014 
| 268 54 0.014 
II none 15.4 90 24 (0.084 
| | | 123 32 | 0.091 
| 180 44 0.091 
| | | 241-55 (0.091 
0.008 9687 18 0.0103 
| | | 138 0.0099 
| 43 0.0095 


pounds with both enzyme preparations are shown in Table IV. The falling 
constants obtained with L-leucyl-p-phenylalanine should probably be as- 
cribed to enzyme inactivation during the long incubation required for the 
hydrolysis of this relatively resistant compound. 


DISCUSSION 


Several years ago, in an attempt to explain the specificity of the metal- 
peptidases, it was suggested that the metal ion acts as a ligand in forming 
a coordination complex with both the substrate and the enzyme (20, 4). 
For the hydrolysis of simple peptides or amides by leucine aminopeptidase, 
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jt was assumed that the metal ion, Mn* in this instance, binds with the 
free amino group and the peptide nitrogen whereas the aliphatic side chain 
(R’ in I) interacts through van der Waals’ forces directly with the protein 
moiety of the enzyme (4). No major effect on the enzyme interaction 
was assigned to R” in view of the essentially similar sensitivity of L-leucin- 
amide, L-leucylglycine, and - (4, 21). The slower rate 
of hydrolysis of L-leucyl-p-alanine was ascribed to a steric interference by 
the terminal methyl group of the p-alanine residue, sterically hindering 
the binding of the metal to the peptide nitrogen. In order to test this idea 
further, the present experiments with several diastereoisomeric .L-leucy] 
peptides were designed. 

If the above hypothesis is correct, it would be anticipated that the nature 
of the terminal residue R” in dipeptides of the L-p type would have differ- 
ent effects, depending upon the size and configuration of its structure. 
This is, in general, borne out by the data reported in Table II. The 
peptides containing the larger residues p-leucine and p-phenylalanine are 
hydrolyzed at rates corresponding to about 0.8 and 2 per cent of those of 
the corresponding L-leucyl-L-leucine and L-leucyl-L-phenylalanine, although 
the compound containing p-phenylalanine is the most slowly hydrolyzed 
in absolute terms. Moreover, the peptides containing bD-isoleucine and 
p-valine are, within present experimental limits, completely resistant to the 
action of the enzyme. It must be assumed that the branched aliphatic 
side chains of these residues offer even greater steric hindrance near the 
peptide bond than do other residues. ‘The resistance of L-leucyl-p-valine 
and L-leucyl-p-isoleucine is probably not due to a bond strength influence 
since both of the corresponding diastereoisomeric peptides of the L-L con- 
figuration are hydrolyzed slightly more rapidly than tL-leucyl-L-alanine. 
Moreover, the N-linked derivatives of valine and isoleucine do not appear 
to possess any abnormal properties. 

The relative resistance to enzymatic hydrolysis of L-isoleucinamide and 
L-valinamide should probably be ascribed to two different factors. The 
sluggishness of these 6-branched amino acids in forming ester and amide 
derivatives has already been mentioned. The unique properties of these 
amino acids are alsn shown by the observation that in the amination of the 
optically active a-bromo compounds to form isoleucine and valine Walden 
inversion does not occur; this is in contrast to results with other a-bromo 
acids which yield amino acids of the inverted form (22-24). Carboxyl- 
linked derivatives of a-bromoisovaleric acid and a-bromo-8-methylvaleric 
acid do show normal inversion on amination (24). Studies with valylgly- 
cine show that this peptide is hydrolyzed very slowly by alkali (25) or by 
acid (26) when compared with other dipeptides which are also aliphatic 
amino acid derivatives of glycine such as leucylglycine. 
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Regardless of the mechanism by which the aminopeptidase operates, the 
resistance to both acidic and alkaline hydrolysis of valyl and isoleucy] 
derivatives must be reflected in the rates of enzyme-catalyzed hydrolysis 
of these amides. This cannot be the only factor involved, however, since 
neither L-isoleucinamide nor L-valinamide inhibits the hydrolysis of -leu- 
cinamide when these are present in equal concentrations (0.05 mM). The 
absence of inhibition indicates that the 6-branched compounds do not 
interact with the enzyme as strongly as does leucinamide. Thus, weakness 
of interaction and strength of bond are both reflected in the action of the 
enzyme. The quantitative evaluation of these two effects must await the 
availability of more highly purified enzyme preparations. 

In contrast to the inertness of valylglycine, glycylvaline is hydrolyzed 
by acid or by alkali at rates comparable with those of glycylleucine (25, 
26). Correspondingly, the aminopeptidase hydrolyzes the t-leucy] deriva- 
tives of t-leucine, t-isoleucine, and t-valine at rates which differ only 
slightly from one another. Thus, the “normal” character of N-substituted 
derivatives of valine and isoleucine is also reflected in their similar sensi- 
tivity to enzymatic hydrolysis. 


SUMMARY 


1. The synthesis by the carbobenzoxy method of a number of diastereo- 
isomeric peptides is described. These include L-leucyl-t-leucine, t-leucyl- 
p-leucine, L-leucy]-L-isoleucine, L-leucyl-p-isoleucine, L-leucyl-L-valine, L- 
leucyl-p-valine, and _ .-leucyl-p-phenylalanine. 
In addition, many of the intermediate carbobenzoxydipeptide esters and 
carbobenzoxydipeptides have been isolated and characterized. 

2. The synthesis and characterization of the hydrochlorides of L-valine 
methyl ester, D-valine methyl ester, pL-valine methyl] ester, L-valinamide, 
p-valinamide, pL-valinamide, L-isoleucine methyl] ester, p-isoleucine methy) 
ester, L-isoleucinamide, and p-isoleucinamide are described. 

3. Leucine aminopeptidase hydrolyzes L-valinamide and L-isoleucina- 
mide at about 10 per cent of the rate at which L-leucinamide is split. The 
lesser sensitivity of B-branched amino acid amides is ascribed to the chem- 
ical inertness and unusual character of the carboxyl derivatives of these 
amino acids rather than to any specific enzymatic factor. The amide of 
a-aminocaprylic acid is hydrolyzed at about 70 per cent of the rate of 
leucinamide. None of the p-amino acid amides is split. 

4. All of the leucyl dipeptides in which both residues are of the L con- 
figuration are hydrolyzed; those with terminal aliphatic amino acids are 
split more rapidly than those with terminal L-phenylalanine or L-tyrosine. 

5. Leucine aminopeptidase has no detectable action on L-leucyl-p-valine 
or L-leucyl-p-isoleucine. However, L-leucyl-p-leucine, L-leucyl-p-phenyl- 


E. L. SMITH, D. H. SPACKMAN, AND W. J. POLGLASE 817 


alanine, and L-leucyl-p-alanine are slowly hydrolyzed by the enzyme. The 
nature of this type of optical specificity is discussed. 
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ANTITHYROTOXIC STUDIES RELATED TO THE XANTHINE 
OXIDASE FACTOR* 
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Several dietary factors have been described as being antithyrotoxic, in- 
asmuch as each will counteract to some extent the growth-retarding effect 
of excess thyroxine under specified conditions. Many factors would un- 
doubtedly be antithyrotoxic if they were made limiting in the diet, just as 
many vitamins are already growth factors in the absence of added thyroxine. 
Excess thyroid hormone apparently induces deficiencies which cannot be 
demonstrated in its absence by the criterion of growth. 

The antithyrotoxic action of vitamin B,. has been demonstrated with 
diets of corn-soy bean meal fed to weanling rats (1-2) and chicks (3). 
Under these conditions, vitamin B,. appears to be the major deficiency 
produced by thyroid feeding, and the growth response given by various 
foodstuffs (4) parallels the vitamin By, content of the foods as determined 
by microbiological assay (5). Rat tissues are also depleted of vitamin By. 
by the corn-soy bean ration (6), and such a diet is inadequate for repro- 
duction and lactation even in the absence of added thyroid (7). Other 
studies with a soy flour diet have been carried out with mice (8) and rats 
(9), and in these studies the antithyrotoxic effects of vitamin By. and liver 
(10) were also demonstrated. 

The inadequacy of vitamin By, plus other known factors for chicks on a 
soy bean diet, even in the absence of excess thyroid, has been demonstrated 
(11, 12), and the need for an additional factor or factors can also be demon- 
strated in rats when thyroid substance is added to a purified casein diet. 
Vitamin By, is only partially effective (13) or ineffective (14) in preventing 
the growth-retarding effect of thyroid in rats fed a casein-sucrose diet. 
A response to vitamin By. has also been demonstrated in rats fed a casein- 
dextrin-sulfaguanidine diet containing thyroid substance (15). Ershoff 
has emphasized that liver residue contains an unidentified factor that is 
antithyrotoxic under these conditions (14, 16-18). Since soy bean meal 
is also a rich source of this factor (19), no deficiency of this factor could 
be expected in the corn-soy bean diet most suitable for a demonstration of 

* This work was supported by a grant-in-aid from the American Cancer Society 
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the antithyrotoxic effect of vitamin Bz. Ershoff has suggested (20) that 
this nutritional factor (21) may be identical with the chick growth factor 
of Stokstad et al. (11, 12) found in Aureomycin mash, but this seems ques- 
tionable in view of the large amount of soy flour present in the chick diets, 
In any event the evidence consistently demonstrates the need for one or 
more unidentified factors in the diet of rats fed a purified casein-sucrose 
ration containing thyroid. 

The distribution of Ershoff’s antithyrotoxic factor in natural sources 
(20) is similar to that of the unidentified xanthine oxidase (XO) factor 
(22). The present studies were therefore conducted to obtain additional 
evidence on the possible identity of these unknown factors. The results 
have shown that an extract of soy flour containing the XO factor exerts 
no antithyrotoxic effect on growth or survival under conditions wherein 
liver residue is partially protective. Feeding desiccated thyroid or iodin- 
ated casein did not appear to produce a deficiency of the XO factor, since 
liver and intestinal xanthine oxidases were unaffected. The antithyrotoxic 
effect of liver residue may be due to several factors, but the XO factor 
does not appear to be involved in this response. 


Methods 


Groups of twelve to fifteen weanling male rats, obtained from Albino 
Farms, were placed on various diets for 4 weeks. Body weights were 
recorded twice weekly and averaged to give the growth curves. In those 
experiments in which liver and intestinal xanthine oxidases were deter- 
mined, six rats from each diet group were sacrificed at the end of 2 weeks, 
while the surviving rats were sacrificed and analyzed at the end of 4 weeks. 
Xanthine oxidase was determined as previously described (23), with hy- 
poxanthine as substrate, a 10 minute tip in with 10 minute readings for 
intestine and a 40 minute tip in with 20 minute readings for liver. In 
other experiments liver choline oxidase was determined at the end of the 
4 weeks study; the choline oxidase results have been summarized else- 
where (24). 

The basic diet employed was the following (in gm. per 100 gm.): casein 
(vitamin test, General Biochemicals, Inc.) 31, sucrose 57.5, corn oil 3, 
Phillips and Hart salt mixture 4.5 (25), and cod liver oil 2. The diet was 
supplemented (in mg. per 100 gm.) with thiamine 0.8, riboflavin 1.2, 
niacin 5.0, pyridoxine 0.8, calcium pantothenate 6.0, choline 200, folic acid 
0.25, biotin 0.1, inositol 100, p-aminobenzoic acid 25, 2-methyl-1 ,4-naph- 
thoquinone 0.5, mixed tocopherols 100, and ascorbic acid 50. Vitamin Bp 
was added to some of the diets at levels of 0.1, 0.02, or 0.01 mg. per 100 gm. 
This diet was varied by adding liver residue, lard, or cholesterol at the 
expense of sucrose. The protein content of all liver residue diets was kept 
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constant at 31 per cent by appropriate adjustments in the casein which 
allowed for 70 per cent protein in the original liver residue and 90 per cent 
protein after exhaustive extraction with hot alcohol. All diets were fed 
with and without the addition of 0.1 per cent iodinated casein,! except 
for the first experiment in which 0.5 per cent desiccated thyroid was used. 


Results 


Growth—Fig. 1 shows the antithyrotoxic effect of adding crude liver 
residue to a diet containing adequate amounts of the known vitamins, 
including vitamin By. All diets in the absence of thyroid gave the same 
growth response. Rats receiving the basal diet failed to grow normally 
when thyroid was also added to the diet, and eleven of fifteen rats died 
within 2 weeks. 2 per cent liver residue (LR) had no protective effect 
on either growth rate or survival. 5 and 10 per cent LR were partially 
effective in overcoming the retardation of growth and the early deaths 
produced by thyroid; five out of fifteen and two out of twelve rats, respec- 
tively, died between the 2nd and 4th week. This confirms Ershoff’s 
finding in showing that liver residue contains some protective factor, but 
in our experiments the growth rate has never been restored completely to 
the non-thyroid levels by the addition of liver residue to the diets. Such 
differences are probably not of great significance; “complete” protection 
could well become “partial”? protection if the thyroid effect were increased. 
In several experiments the partial antithyrotoxic effect of vitamin By» 
was confirmed. The effects of vitamin B,. and LR were not always ad- 
ditive on the growth response, but both together gave better survival than 
either one alone. 

An antithyrotoxic effect was also exhibited by liver residue that had been 
extracted exhaustively with hot 95 per cent ethanol (Fig. 2). This ma- 
terial still contained all of the XO factor originally present in the liver 
residue, but its antithyrotoxic effect cannot be attributed to the XO 
factor, since an extract of soy flour? containing the XO factor had no pro- 
tective action on growth or survival. This extract was added to the diet at 
a level of 150 mg. per kilo and contained enough of the XO factor to main- 
tain the intestinal XO at a level of 32 in the non-thyroid rats fed this diet 
for 4 weeks.* The absence of any antithyrotoxic effect in extracts contain- 
ing the XO factor was confirmed in another similar experiment. The 


1Protomone (Cerophyl Laboratories, Inc., Kansas City, Missouri) containing 
0.7 per cent 1-thyroxine. 

2 The extract was prepared by hydrolyzing soy flour with HCl, repeatedly adsorb- 
ing the XO factor on a variety of substances, and eluting with alkaline solutions. 

* This extract was more active than a 10 per cent liver residue diet and gave es- 
sentially ‘‘saturation levels’’ of intestinal xanthine oxidase. 
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addition of 125 mg. per kilo of a soy flour extract to the basal diet contain- 
ing 0.01 mg. per 100 gm. of vitamin By, had no effect on growth or survival: 
it maintained the intestinal XO at 35 in the rats fed this diet without 
thyroid for 4 weeks.? 

The lipides removed by hot alcohol extraction may also have contributed 
to the antithyrotoxic effect of the original liver residue, since the addition 
of lard to the diet exerted a beneficial effect on growth (Fig. 2) and survival. 
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Fic. 1. Growth curves for male weanling rats fed various diets containing 0.5 
per cent desiccated thyroid (solid lines). All diets contained 31 per cent protein 
(casein or casein plus liver residue protein) and a complete vitamin supplement 
including 0.1 mg. per 100 gm. of vitamin Bio. 

Fic. 2. Growth curves for male weanling rats fed various diets containing 0.1 
per cent iodinated casein (solid lines). All diets contained 31 per cent protein (ca- 
sein or casein plus liver residue protein) and a complete vitamin supplement includ- 
ing 0.02 mg. per 100 gm. of vitamin B,.. Fhe soy flour extract contained the xanthine 
oxidase factor. The liver residue was hot alcohol-extracted and constituted 10 per 
cent of the diet. 


Lard also had some protective effect in the absence of vitamin By. The 
protective action of lard is also shown in Fig. 3, in which a dietary concen- 
tration of 20 per cent lard exerted a greater antithyrotoxic effect than was 
previously obtained with liver residue. In addition to lard, other animal 
and vegetable fats partially counteract the toxic effect of thyroid (19). 
Cholesterol alone or in combination with the lard had no protective effect 
on growth or survival in these weanling rats. Previous demonstrations 
(26, 27) of an antithyrotoxic action of cholesterol were made with adult 
rats. 


Since soy flour is a rich source of the XO factor (22), a similar experiment — 


was conducted in which soy flour supplied 40 per cent protein as well as a 
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great abundance of the XO factor to the diet. The diet contained {in 
gm.) soy flour 80,‘ salts 4.5, corn oil 5, cod liver oil 2, and all the vitamins 
previously listed. Vitamin By. and extracted LR were added to some of 
the diets at a level of 0.1 mg. per 100 gm. and 10 per cent respectively. 
The results are shown in Fig. 4. In the absence of thyroid, both vitamin 
By, and extracted liver residue had a slight growth-promoting effect. In 
the presence of thyroid, both substances failed to provide more than mini- 
mal protection, and at least half the rats suecumbed to the toxic effect of 


4 
z 
60} 
SOY FLOUR 
0 DAYS ON DIET 5 IODAYS ON DIET25 30 
Fig. 3 Fic. 4 


Fic. 3. Growth curves for male weanling rats fed various diets containing 0.1 
per cent iodinated casein (solid lines). All diets contained 31 per cent casein and a 
complete vitamin supplement including 0.02 mg. per 100 gm. of vitamin B,2. Lard 
and cholesterol were added at the expense of sucrose. 

Fic. 4. Growth curves for male weanling rats fed various soy flour diets (dotted 
lines) containing 0.1 per cent iodinated casein (solid lines). All diets contained 40 
per cent protein (soy flour plus liver residue protein) and a complete vitamin supple- 
ment, except that 0.1 nig. per 100 gm. of vitamin B,. was added to some diets only. 
The liver residue was hot aleohol-extracted and constituted 10 per cent of the diet. 


thyroid within the first 2 weeks of the experiment. All of the diets in which 
soy flour supplied the protein were grossly inadequate under the stress 
of thyroid feeding, even though they contained the known vitamins as 
well as from 8 to 16 times the amount of XO factor required to give high 
levels of intestinal XO. Rats on such soy flour diets were clearly more 
susceptible to the toxic effects of thyroid than those previously main- 
tained with casein diets. The possibility that the greater protection pro- 
vided by casein is related to differences in protein nutriture cannot be 
eliminated, but the high levels of XO in the livers and intestines of the rats 


‘AE. Staley Manufacturing Company, Decatur, Illinois; extracted, 50 per cent 
protein, 9 per cent moisture, 0.6 per cent fat. 
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fed the soy flour diets do not give any indication of protein deficiency (23), 
The average liver XO values from all soy flour diets were 30 and 33 at 2 
and 4 weeks, respectively; the corresponding intestinal XO values were 
38 and 35. With iodinated casein in the diet, the liver and intestinal XO 
activities at 2 weeks were 27 and 36, respectively. None of the individual 
diets gave results that varied significantly from these averages. 


I 


Liver and Intestinal Xanthine Oxidase Values in Rats Maintained on Diets Containing 
0 to 10 Per Cent Liver Residue in Presence and Absence of Thyroid Substance 


Per cent liver residue in diet 


Weeks nated 
on diet casein 0 2 5 10 
Liver | Intestinal Liver Intestinal Liver Liver Intestinal 
22.1, 41.4 | +1.4 | | 41.4 | +3.3 | 42.4 | +2.4 
+ 19 15 “4 | | | | 
+2.2 | 42.0 41.7 42.1 42.6 +1.7 2.2 
4 23 16 | 2 2 | | @ 23 «(31 
1.4 | 41.7! 41.6 | 42.2 | 41.6 | 42.6 | 41.3! 41.5 
| | | +3.4  +2.9 | +3.1 


Weanling rats at start of experiment; liver XO activity = 17 + 1.8; intestinal XO 
activity = 29+ 2.2. The recorded values are mean + standard error for groups of 
nine to twelve rats. The xanthine oxidase activities are given as c.mm. of O, con- 
sumed with hypoxanthine substrate per 20 minutes per Warburg flask containing 283 
mg. of fresh tissue. 


Liver and Intestinal Xanthine Oxidases 


Liver and intestinal xanthine oxidases were determined in the experi- 
ment shown in Fig. 1 and in a similar experiment in which iodinated casein 
and extracted liver residue were used. The results were the same and have 
been combined in Table I. The liver residue diets had only small effects 
on the liver enzyme, but significant effects were produced on intestinal 
xanthine oxidase. The levels of intestinal XO on the purified control 
diet were somewhat higher than those previously obtained (22, 23), and 
this has been traced to a difference in the caseins used in the experiments. 
The intestinal values varied with the amount of liver residue in the diet, but 
the addition of thyroid substance to the diet had no effect on these levels 
in either the liver or intestine. 

Table II shows the results of another experiment in which the basic 
diet was similar to the one previously described except that it contained 
35 per cent casein. The omission of vitamin By. from this diet had no 
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effect on liver or intestinal XO. The addition of 10 per cent hot aleohol- 
extracted liver residue to the diet gave significant increases in intestinal 
xO. Thyroid had no effect on liver or intestinal XO irrespective of the 
composition of the diet. In this experiment vitamin B,. and LR were 
both partially effective in reversing the growth inhibition of thyroid. 

In another experiment, liver and intestinal xanthine oxidases were de- 
termined after 4 weeks on the diets. Three purified diets varying in 


TaBLe II 


Liver and Intestinal Xanthine Oxidase Values on Purified 35 Per Cent Casein Diet with 
or without Liver Residue and Vitamin By: in Presence and Absence of lodinated 


Casein 
Xanthine oxidase ew c.mm. O2 per 20 min. per 283 mg. 
Per cent liver residue in diet (hot Perera 
0.1 per 
Weeks iodi- 9 10 
hay = Vitamin | Bis is diet (0. 1 mg. per cent) 
Liver Intestinal Liver | Intestinal Liver Intestinal; Liver Intestinal 
i - 11 | (13 «(22 29 29 
+1.7 +3.6 | +3.0 | +2.3 +2.9 | +4.3 | +4.1 
+ | 2 | 30, «17 33 28 31 29 
#1.5 | $1.7 | +3.7 | 43.0 42.9 | 43.7 | +3.0 
4 — 23 +414 30 | 14 36 32 35 34 
+1.3  +2.1 +3.0 +1.1 +3.0 +3.1 | +1.7 
+ 19 14 | et @ 40 | «28 
| #£2.1 | +6.9 | +1.8 | | +2.1 


The recorded values are mean + standard error for 6 groups of six rate. Weanling 
rats at start of experiment; liver XO activity = 27 + 1.9; intestinal XO activity = 
30 + 3.9. 


vitamin By. and lard but without liver residue yielded liver and intestinal 
XO values between 14 and 18 and 14 and 20, respectively. Three diets 
with liver residue gave corresponding values of 19 to 26 and 29 to 33, 
respectively. The presence or absence of iodinated casein in the diet 
had no effect on these values. 


Gonadal Development 


In confirmation of Ershoff (28, 16), the addition of iodinated casein to 
the purified basal diet without vitamin B,, prevented the normal develop- 
ment of the ovaries and the uterus. The uterine-body weight ratios after 
4 weeks on various non-thyroid diets were all higher than 80 (mg. per 
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100 gm.). Values above 80 were not significant per se, but were due to 
the presence of secreting uteri and to the greater weight of such uteri even 
when the fluid was expressed before weighing. The uterine-body weight 
ratio was 22 when 0.1 per cent iodinated casein was added to the basal 
diet, and values of 40 to 60 were obtained when 0.01 mg. per 100 gm. of 
vitamin Bs plus 10 per cent LR or 10 per cent lard was also added to the 
diet. The omission of thiamine from a diet containing 0.01 mg. per 100 
gm. of vitamin By. and 10 per cent LR but no iodinated casein also gave 
a low uterine-body weight ratio of 35. The marked toxicity of thyroid, 
as evidence by growth and survival when added to a thiamine-deficient 
diet (29, 30), was also observed in this experiment. Ovarian weights - 
were influenced similarly, but the differences were smaller and less clear cut. 

In several experiments previously described (Fig. 1 and Table II) the 
weights of testes were obtained in all rats sacrificed at 2 and 4 weeks, 
The testes-body weight ratios (mg. per gm.) averaged 11 and 12, respec- 
tively, for all non-thyroid diets, and 11.5 and 13.5 for diets with thyroid. 
None of the dietary variations, including the addition of thyroid, had any 
effect on the development of the testes. 


SUMMARY 


A soy flour extract containing the XO factor did not exert any antithyro- 
toxic effect on growth or survival when added to a purified 31 per cent 
casein, low fat diet, supplemented with the known vitamins and 0.1 per 
cent iodinated casein. 10 per cent liver residue and 10 to 20 per cent 
lard were partially protective; 1 per cent cholesterol was ineffective. 

Weanling rats were more susceptible to the toxic effects of thyroid when 
the dietary protein was supplied by soy flour than by casein. Normal 
levels of liver and intestinal xanthine oxidase indicated the absence of a 
protein deficiency in the rats fed the soy flour diets. 

Liver and intestine xanthine oxidases (particularly the latter) varied 
with the amount of XO factor in the diets, but such levels were not in- 
fluenced by the presence or absence of thyroid. 

Dietary variations, including the presence or absence of thyroid, had no 
effect on the development of the testes. 


BIBLIOGRAPHY 


1. Register, U. D., Ruegamer, W. R., and Elvehjem, C. A., J. Biol. Chem., 177, 
129 (1949). 

2. Register, U. D., Lewis, U. J., Thompson, H. T., and Elvehjem, C. A., Proc. Soc. 
Exp. Biol. and Med., 70, 167 (1949). 

3. Nichol, C. A., Dietrich, L. S., Cravens, W. W., and Elvehjem, C. A., Proc. Soe. 
Exp. Biol. and Med., 70, 40 (1949). 

4. Lewis, U. J., Register, U. D., Thompson, H. T., and Elvehjem, C. A., Proc. Soe. 
Exp. Biol. and Med., 72, 479 (1949). 


ho 


XUM 


S 


W. W. WESTERFELD AND D. A. RICHERT 827 


_ Tappan, D. V., Lewis, U. J., Register, U. D., and Elvehjem, C. A., Arch. Bio- 


chem., 29, 408 (1950). 


_ Lewis, U. J., Register, U. D., and Elvehjem,C. A., Proc. Soc. Exp. Biol. and Med., 


71, SOO (1949). 


. Spitzer, R. R., and Phillips, P. H., J. Nutr., 32, 631 (1946). 
. Bosshardt, D. K., Paul, W. J., O’Doherty, K., Huff, J. W., and Barnes, R. H., 


J. Nutr., 37, 21 (1949). 


. Emerson, G. A., Proc. Soc. Exp. Biol. and Med., 70, 392 (1949). 
_ Watts, A. B., Ross, O. B., Whitehair, C. K., and MaeViear, R. W., Proce. Soe. 


Exp. Biol. and Med., TT, 624 (1951). 


_ Stokstad, FE. L. R., Jukes, T. H., Pierce, J., Page, A. C., Jr., and Franklin, A. L., 


J. Biol. Chem., 180, 647 (1949). 


. Stokstad, E. L. R., and Jukes, T. H., Proc. Soc. Exp. Biol. and Med., 73, 523 (1950). 
. Betheil, J. J., and Lardy, H. A., J. Nutr., 37, 495 (1949). Bethel, J. J.. Wiebel- 


haus, V. D., and Lardy, H. A., J. Nutr., 34, 431 (1947). 


. Ershoff, B. H., Proc. Soc. Exp. Biol. and Med., 71, 209 (1949); 73, 459 (1950). 
. Frost, D. V., Fricke, H. H., and Spruth, H. C., Proe. Soe. Exp. Biol. and Med., 


72, 102 (1949). 


. Ershoff, B. H.. Proce. Soc. Exp. Biol. and Med., 64, 500 (1947). 

. Ershoff, B. H., Arch. Biochem. 16, 365 (1947). 

. Ershoff, B. H., Sctence, 108, 632 (1948). 

. Ershoff, B. H., J. Nutr., 39, 259 (A949). 

. Ershoff, B. H., Proce. Soc. Exp. Biol. and Med., 74, 391 (1950). 

. Ershoff, B. H., Exp. Med. and Surg., 9, 98 (1951). 

. Riehert, D. A., and Westerfeld, W. W.,./. Biol. Chem., 192, 49 (1951). 

. Westerfeld, W. W.. and Richert, D. A... J. Biol. Chem., 192, 35 (1951). 

. Richert, D. A., and Westerfeld, W. W., J. Biol. Chem. 199, 829 (1952). 
. Phillips, P. H., and Hart, bk. B., J. Biol. Chem., 108, 657 (1935). 

. Marx, W., Meserve, R., and Deuel, H. Jr.. Proe. Soe. Exp. Biol. and Med., 


67, 385 (1948). 


. Barker, S. B., Dirks, H. B., Jr., Garlick, W. R., and Klitgaard, H. M.. Proe. Soe. 


Erp. Biol. and Med., 78, 840 (1951). 


. Ershoff, B. H., Endocrinology, 37, 218 (1945). 
. Drill, V. A., Physiol. Rev., 28, 355 (1943). 
. Ershoff, B. H., Physiol. Rev., 28, 107 (1948). 


to 

ven 
cht 
Asa! 
the 5 

100 
eve 10 
oid, 
ent 
hts 
"ul, 13 
the 
15 
‘ 
vid, 
iny 
ro- 
will 
per 
nit 
en 
ed 
7, 
Mw. 


XUM 


XUM 


THE EFFECT OF DIET ON TISSUE CHOLINE OXIDASE* 


By DAN A. RICHERT anv W. W. WESTERFELD 


(From the Department of Biochemistry, State University of New York, Medical College 
at Syracuse University, Syracuse, New York) 


(Received for publication, July 14, 1952) 


The influence of several dietary deficiencies on tissue choline oxidase 
(CO) has been reported. The removal of folic acid from the diet or the 
addition of aminopterin to the diet of monkeys eliminated most of the 
choline oxidase from the liver and kidney (1). Aminopterin also reduced 
liver CO in the rat (2), but had little or no effect on liver and kidney CO 
in the chick (3). Liver choline oxidase was decreased by a riboflavin de- 
ficiency in rats (4, 5), but was not influenced by vitamin By. in the chick 
(6), or by vitamin E (7) or thiamine deficiency in the rat (8). Smith and 
Williams-Ashman (9) reported that thyroxine had no effect on rat liver CO. 
Handler and Bernheim (10) attempted to correlate a methyl]-deficient diet 
with a decreased liver 

The purpose of this investigation was to extend the studies of the effect 
of diet on rat tissue choline oxidase. Major decreases in liver CO were 
observed with low protein or riboflavin-deficient diets. Thiamine or 
pyridoxine deficiency had no effect. The addition of 0.1 per cent iodinated 
casein to various diets decreased liver and kidney choline oxidase, irrespec- 
tive of the composition of the diet. 


EXPERIMENTAL 


Choline oxidase was determined by a slight modification of the method 
described by Williams et al. (11). Rat tissues were homogenized with 5 
volumes of 0.04 mM phosphate buffer, pH 7.4, and 0.5 ml. of the homogenate 
was added to each of two Warburg flasks containing 1.2 ml. of additional 
phosphate buffer. One flask contained 0.3 ml. of water; the other con- 
tained 0.3 ml. of 3.33 per cent choline in the side arm. 0.2 ml. of 10 per 
cent KOH and a filter paper were added to the center wells. After equili- 
brating for 10 minutes at 37°, the choline was tipped in and four additional 
readings were taken at 10 minute intervals. The choline oxidase activity 
was expressed as the net oxygen consumption in c.mm. per 10 minutes per 
flask containing 83.3 mg. of fresh tissue. 

Comparison with the method of Williams et al. showed that both pro- 
cedures gave the same value, except that with livers of high choline oxidase 


* This study was aided by a grant from the American Cancer Society upon recom- 
mendation of the Committee on Growth of the National Research Council. 
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activity the present method sometimes gave values approximately 10 per 
cent higher. The use of 0.5 ml. of homogenate instead of 1.0 ml. (as in 
Williams’ procedure) seemed advantageous, since the rate of oxygen con- 
sumption was not in danger of exceeding the rate of oxygen diffusion; the 
oxygen uptake fell off less rapidly, and the first two readings were usually 
the same. By this procedure none of the following rat tissues had any 
detectable choline oxidase activity: spleen, lung, brain, testes, stomach, 
intestine, colon, heart, and skeletal muscle. Liver had approximately 
twice as much activity as kidney. 

Normal levels of choline oxidase in liver and kidney were obtained by 
analyzing tissues from adult rats maintained on dog chow. Adult rats 
were also fed an 8 per cent casein diet (12) for 16 weeks. All other dietary 
studies were carried out with weanling rats fed various diets for 2 or 4 
weeks. In addition to the 8 per cent casein diet, weanling rats were fed 
the purified 21 per cent casein diet previously described (12). This diet 
was also varied by omitting riboflavin, choline, thiamine, or pyridoxine. 


Results 


Table I shows the results of these studies. -In confirmation of the data 
of Kensler et al. (13) the liver choline oxidase of weanling rats was one-third 
to one-half the adult level, and a diet period of 2 to 4 weeks was required 
to reach the adult level. A low protein diet (8 per cent casein) reduced 
the liver choline oxidase in adult or weanling rats by about 50 per cent. 
The correlation observed by Handler and Bernheim (10) between diets 
producing fatty livers and liver choline oxidase activity seems to be the 
result of a protein-deficient diet on liver choline oxidase. 

The purified 21 per cent casein diet containing riboflavin, thiamine, 
pyridoxine, pantothenate, niacin, and choline brought the liver and kidney 
choline oxidase levels to normal. In agreement with Viollier (4) and Kelley 
(5), a deficiency of riboflavin prevented the deposition of normal amounts 
of liver choline oxidase; this would seem to be significant in view of the 
negative results with thiamine and pyridoxine deficiencies. Omitting cho- 
line from the 21 per cent casein diet produced hemorrhagic kidneys and 
death in about one-half of the rats by the 9th day. The very low values 
for kidney choline oxidase observed in the remainder may be explained 
in part by the enlarged and hemorrhagic state of the kidneys. 

Effect of Thyroid—Liver choline oxidase was determined in many of 
the experiments carried out in this laboratory on the relationship between 
diet and thyroid toxicity (14). Table II shows the results of one such 
experiment (Fig. 3 in Westerfeld and Richert (14)) in which weanling 
male rats were fed a 31 per cent casein diet with and without lard, cho- 
lesterol, liver residue, and iodinated casein. While cholesterol reduced 
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liver choline oxidase 20 to 25 per cent, the major point is that the induc- 
tion of a thyrotoxic state by the addition of thyroid substance to the diet 


TaBLeE [ 
Effect of Various Diets on Liver and Kidney Choline Oxidase 


| | | ... | Choline oxidase, c.mm. O2 per 
Diet No. of Duration | Body weight | 10 min. per 83 mg. 
rats of diet 


At start] Atend| Liver Kidney 
| days | gm. gm. | 

| | | 215 | 46 + 1.9f | 21 + 1.4 
4 | 205 24 + 1.5f 
Weanlings (as received)....... 10 | | 42 | 21 + 1.5§ 
8 | 13 | 50 | 108 | 3542.4 | 12 4 1.0 

“40.1% iodinated casein 8 13 9 26+2.0 1141.0 
43 51 18 + 2.2 12+ 0.7 
Purified 31% casein||.......... 6 13 40 88 34 + 1.6 

14 53 30+ 1.4 | 138+ 1.3 
Riboflavin-deficient........... 15 59 18 + 2.3 | 12 0.6 
Choline-deficient........ .... 8 9 43 66 20 + 1.2 6 + 1.6 
| 8 16 | 46 73 36 + 1.1 | 1741.2 
Pyridoxine-deficient... 16 46 75 338 + 1.8 12 + 0.6 

| 

+ iodinated casein. .... | 6 24 45 93 26+2.6  12+0.7 
| 8 29 55 + 2.2 1740.9 
Purified 31% caseint.......... 7 30 37 166 4242.1 | 

30. 45 | «157 | 38 41.9 641.9 
Riboflavin-deficient........... 43 70 27 +1.8 21 + 1.1 
Thiamine-deficient............ | | @ 4 | | | 
Pyridoxine-deficient.......... 8 28 48 | 89 35 +2.0 15+ 1.0 


* Adult rats. All others were started on the experiment as weanlings. 

+t Liver xanthine oxidase activity = 30 (expressed in ¢.mm. of O. per 20 minutes 
per 283 mg.). 

t Liver xanthine oxidase activity = 0. 

§ Liver xanthine oxidase activity = 15. 

|| Complete vitamin supplement as given for thyroid studies (14) including 0.1 


mg. per cent of vitamin By. 
{ As given (12). The vitamin supplement included choline, nicotinic acid, cal- 
cium pantothenate, thiamine, pyridoxine, and riboflavin only. 


reduced the levels of liver and kidney choline oxidase by about one-third, 
irrespective of the composition of the diet or the effect of the diet on the 
growth rate. In addition to the studies recorded in Table II, twenty 
experiments were carried out with various diets in the presence and ab- 
sence of 0.1 per cent iodinated casein. In each one of these experiments 
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the addition of iodinated casein to the diet decreased the level of liver 
choline oxidase. The non-thyroid diets gave values between 33 and 52 
(average = 41); the addition of thyroid reduced each value by 15 to 50 
per cent (average = 32 per cent). The addition of iodinated casein to a 
chow diet gave similar results on liver and kidney choline oxidase and 


TABLE II 


Effect on Liver and Kidney Choline Oxidase of Adding Thyroid Substance to Various 
Diets Fed Weanling Male Rats for 4 Weeks 


Diet No. . 1 2 3 4 5 6 7 
Lard, per 
cent 0 0 10 10 20 20 0 
Choles- 
terol, 
er cent 0 1 0 1 0 1 0 
Liver,* per | 
aN 0 0 0 0 0 | 0 10 


Liver oxidase 


44 | 35 42 | 32 | 32 39 
£2.6f (7) 2.1 (7) +2.0 (9) +1.2 (11) £1. 1 (11) +1.6 (11) 41.3 (14) 
0.1% | 24 20 | 21 | 22 26 
iodi- 41. 2t (12) +2.8 (8) +0.9 (8) 0 (11) £0, 8 (12) 41.6 (13) 
nated | | 
casein | | | 
choline oxidase 
22 24 23 | 21 
£0. 9 (4) +2.0 (3) +2.4 (5) 1. 4 (6) £2. 3 (5) +1.3 (6) 
01% 16 18 (17 16 | 16 
iodi- 40.5 (7) 1.8 (3) +0.6 (3) 1. 1 (4) 40.8 (7) +0.9 (7) 
nated | | | 
| 


casein | | 

The choline oxidase values are given as net oxygen uptake in c.mm. per 10 minutes 
per Warburg flask containing 0.5 ml. of 1:6 homogenate (83 mg. of fresh tissue). 
The recorded values are the mean + standard error. The number of rats analyzed 
is given in parentheses. 

* The same results were obtained with whole dried liver, liver residue, and hot 
alcohol-extracted liver residue. 

t Values averaging between 38 and 44 were obtained after 4 weeks in male and 
female weanling rats in six other experiments in which the diets contained either 
(1) 31 or 35 per cent casein, (2) glucose or sucrose as the carbohydrate, (3) 0, 0.01, or 
0.1 mg. per cent of vitamin Bi, (4) an extract of soy flour containing the xanthine 
oxidase factor. None of these variations produced differences that were considered 
significant. 

t Values averaging between 25 and 30 were obtained after 4 weeks in male and 
female weanling rats in four other experiments in which the diets contained either 
(1) 31 or 35 per cent casein, (2) glucose or sucrose, (3) 0 or 0.1 mg. per cent of vitamin 
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also prevented normal growth of the weanling rats (Table I). The sig- 
nificance of this thyroid effect is not clear but it would seem to be of im- 
portance, particularly since most enzyme activities studied so far are 
increased under the influence of thyroid (15) if they are altered at all. 

The relationship between liver choline oxidase and fatty livers was 
tested in one of the antithyrotoxic experiments (14). Weanling rats were 
fed the basal 31 per cent casein diet containing 0.1 mg. per 100 gm. of 
vitamin By. and 5 per cent hot alcohol-extracted liver residue with and 
without 0.1 per cent iodinated casein. After 4 weeks the livers had aver- 
age choline oxidase activities of 26 and 52, respectively. The correspond- 
ing total lipides averaged 13.1 and 14.3 per cent of the dry liver solids. 
Hence, a 50 per cent reduction in choline oxidase had no effect on the fat 
content of the liver. Either it is not necessary for choline to be oxidized 
in order to be lipotropic, or the amount of choline oxidase still retained in 
these livers was adequate to fulfil this function. 


SUMMARY 


Weanling rats had about one-half the adult level of liver choline oxidase; 
a purified 21 per cent casein diet containing riboflavin, thiamine, pyri- 
doxine, pantothenate, nicotinic acid, and choline yielded normal adult 
levels in 2 to 4 weeks. A low protein or riboflavin-deficient diet gave low 
values, whereas a thiamine or pyridoxine deficiency had no effect. 

The addition of 0.1 per cent iodinated casein to the diets fed weanling 
rats for 4 weeks consistently decreased the liver and kidney choline oxidase 
by about one-third, irrespective of the composition of the diet. 
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A BACTERIAL DIPHOSPHOPYRIDINE NUCLEOTIDE-LINKED 
CYTOCHROME c REDUCTASE* 


By ARNOLD F. BRODIEf 


(From the Department of Microbiology, School of Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, June 16, 1952) 


The enzymatic oxidation of dihydrodiphosphopyridine nucleotide in the 
presence of various hydrogen and electron acceptors was first shown to 
occur with an insoluble fraction of yeast and was also demonstrated in 
bacteria (1). It was further demonstrated that ferricytochrome c was es- 
sential for the oxidation of reduced DPN in tissue homogenates (2). Di- 
phosphopyridine nucleotide (DPN)- and triphosphopyridine nucleotide 
(TPN)-linked cytochrome reductases were subsequently studied in yeast 
(3, 4), liver (5, 6), and heart tissue (7), but no detailed study has been 
made of bacterial reductases. In the present report, evidence is presented 
for the existence in an extract from Escherichia coli of a soluble enzyme 
which will catalyze the reduction of ferricytochrome c in the presence of 
reduced DPN. The properties of this enzyme and the nature of its pros- 
thetic group are also reported. 


Test Methods and Materials 


Test System—The enzymatic activity was determined by following the 
rate of formation of ferrocytochrome c spectrophotometrically at 550 mu 
with the Beckman spectrophotometer (model DU) in the presence of either 
chemically reduced DPN or the system, alcohol plus ethanol dehydrogen- 
ase and DPN. Before addition of the reductase, the system consisting of 
buffer (0.1 mM pyrophosphate, pH 8.2), reduced DPN, and cytochrome c 
(Sigma Chemical Company) was incubated in 3 ml. cuvettes at 30° for 5 
minutes. All reactions were carried out at 30°. Control systems con- 
tained reduced DPN and cytochrome c and bacterial reductase and cyto- 
chrome c. The reductase preparation was found to have a slight endogen- 
ous activity when tested over a long period of time (20 minutes). This 
was never greater than 0.5 per cent of the activity of the complete system. 

Preparation of Enzyme—E. coli strain ECFS was used. The organisms 
were grown for 12 to 15 hours in peptone-yeast extract broth in 5 liter 


* This work has been aided by a grant from the Eaton Laboratories, Inc., Norwich, 
New York. 

t Present address, Biochemical Research Laboratory, Massachusetts General 
Hospital, Boston, Massachusetts. 
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quantities and harvested by centrifugation. The cells were washed with 
distilled water and disintegrated by sonic vibration for 45 minutes at 9 ke. 
in a Raytheon magnetoconstrictor oscillator. This was followed by cen- 
trifugation at 13,000 r.p.m. (20,000 X g) for 45 minutes in a Servall angle 
centrifuge at 0°. The resulting clear yellow supernatant solution was 
heated in a water bath for 10 minutes at 60°, cooled immediately in ice 
water, and recentrifuged. 

The active supernatant liquid was fractionated with ammonium sulfate 
at 0.2, 0.3, 0.4, and 0.55 saturation. The precipitate of the 0.4 to 0.55 
saturation contained most of the activity. It was collected and dialyzed 
against distilled water for 12 hours with frequent changes. An active 
preparation could be lyophilized at this stage. 

Further purification was obtained by precipitating the nucleoproteins 
with protamine followed by reprecipitation from the supernatant fluid with 
ammonium sulfate and dialysis. The dialyzed material was then adjusted 
to pH 9.0 and treated with 4 month-old tricalcium phosphate prepared by 
the method of Sumner and O’Kane (8). 

By this procedure a yellow solution was obtained with a 28- to 30-fold 
increase in activity. The best preparation had a specific activity of 58 
units per mg. as defined by Horecker (5). 

Diphosphopyridine Nucleotide—DPN was obtained from the Schwarz 
Laboratories, Inc., and had a purity of 0.65. The reduction of this coen- 
zyme was accomplished by a modification of the method of Gutcho and 
Stewart (9). 2 ml. of a sodium hydrosulfite solution (2 mg. of NaS2O, per 
1 ml. of 0.1 m dibasic sodium phosphate) were added to 15.5 mg. of DPN 
and placed in boiling water for 1 minute and then cooled. The pH was 
adjusted to 7.4 and the material vigorously aerated until no further changes 
occurred in the optical density at 340 mu. 

DPN was also reduced enzymatically with yeast alcohol dehydrogenase 
prepared according to the method of Racker (10). When manometric 
experiments were performed in which the oxygen consumption was meas- 
ured, alcohol dehydrogenase was used in order to have a continuous supply 
of reduced DPN. 

Flavin Analysis—To assay the flavin content of the bacterial reductase 
the enzyme was hydrolyzed according to the method of Scott et al. (11) 
and analyzed fluorometrically. Further analysis involved the reactivation 
of the protein of D-amino acid oxidase and reactivation of the reductase 
by flavin-adenine dinucleotide (FAD).! The total flavin content of the 
preparation by chromatographic techniques was 17.5 per cent, 95 per cent 
of which was FAD. The impurities consisted of the salts ammonium 


1 The p-amino acid oxidase apoenzyme and FAD were generously given to us by 
Dr. Leslie Hellerman, The Johns Hopkins University School of Medicine. 
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chloride and acetate. Synthetic flavin mononucleotide (FMN)? was also 
tested for its ability to reactivate the protein of the bacterial reductase. 


Results 


Absorption Spectrum—The yellow solution obtained by treatment with 
tricalcium phosphate was analyzed spectrophotometrically in the ultravio- 
let and visible range. The preparation used had a specific activity of 58 
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Fic. 1. The absorption spectrum of bacterial reductase. The extinction coeffi- 
cients are based on a value of 1.04 K 106 sq. cm. K mole at 455 my (5). The ultra- 
violet absorption spectrum was obtained with one-sixtieth of the concentration of 
the bacterial reductase used in the visible range. The bacterial reductase was 
reduced with 0.5 ml. of yeast aleohol dehydrogenase, 0.1 um of DPN, and 0.01 M al- 
cohol in a total volume of 3.2 ml. 


units per mg. of protein. The reductase had a typical flavin spectrum 
exhibiting strong absorption in the ultraviolet, with a maximum at 265 mu. 
In the visible range, the oxidized enzyme had maxima at 370 and 460 mu 
(Fig. 1). No absorption could be detected from 500 to 700 my with any 
of the preparations used. In order to obtain the spectrum of the reduced 
reductase, this preparation was reduced with excess DPNH, prepared by 
incubation of the enzyme with DPN and alcohol dehydrogenase. In the 
reduced state the enzyme did not absorb at 460 my. Assuming the ex- 
tinction coefficient for flavoprotein at 455 my to be 1.04 K 10° sq. cm. X 


2? The FMN was obtained through the courtesy of Dr. S. H. Rubin of Hoffmann-La 
Roche, Inc. 


h 
Cc. 
le 
AS 
‘ 
e 
5 
d 
e 
S 
y 3 
; 


838 DPN-LINKED CYTOCHROME C REDUCTASE 


mole (5), the concentration of cytochrome c reductase was calculated to 
be 1.7 X 10-* mole per ml. 

Enzymatic Actiwity—The rate of formation of ferrocytochrome c was fol- 
lowed spectrophotometrically at 550 mu. In the presence of excess reduced 
DPN the reduction followed a first order reaction with respect to the cyto- 
chrome c concentration, Fig. 2, a. The activity of this enzyme could also 
be observed by measuring the oxidation of reduced DPN at 340 mu. The 
rate of reduction K of ferricytochrome c was also followed with various 


2.2 | 
> 10K 
2.0 
O 1.8 - 
+ 
0.6r—- 
= 
> a ond 
12k 
CONCENTRATION (MG./ML. TOTAL PROTEIN) 
TIME IN SECONDS #K = 23/t AT 90% REDUCTION. 


Fig. 2. a, rate of reduction of cytochrome c. The system consisted of 0.2 ml. of 
4 X 10°‘ m cytochrome c, 500 y of reduced DPN, 1 ml. of 0.1 M pyrophosphate buffer, 
pH 8.0, increasing concentrations of bacterial reductase (@, 0.09 mg. of total pro- 
tein, O, 0.15 mg., A, 0.28 mg., gf, 0.38 mg.) and distilled water to a final volume of 3 
ml. 6, rate of reduction of cytochrome c as a function of enzyme concentration 
(same conditions as in a). 


concentrations of reductase. Results shown in Fig. 2, b indicate that the 
rate of reduction of ferricytochrome c is proportional to the reductase con- 
centration. 

The rate constant k of the reaction for the reductase has been calculated 
by the method described by Haas ef al. (3) for TPN-linked cytochrome 
c reductase. The k value in liter min. mole was obtained for the oxida- 
tion of the reductase by ferricytochrome c, oxygen, and neotetrazolium, 
and for the reduction of the reductase by DPNH. These values are given 
in Table I, along with those given by Haas ef al. In order to obtain the 
k value for oxygen, manometric experiments were performed in which alco- 
hol dehydrogenase was used as a means of reducing the DPN. The reduc- 
tion of cytochrome c was found to be 435 times faster than the reaction 
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with oxygen. Neotetrazolium, which could also serve as an electron ac- 
ceptor for this enzyme, was reduced more rapidly than oxygen. The rate 
of reaction with neotetrazolium is similar to the rate of reaction with 
ordinary oxidation-reduction dyes such as methylene blue. In comparison 
with TPN-linked reductase of yeast, the bacterial enzyme is 716 times 
slower in reacting with ferricytochrome c but closely approximates it in 
rate of reaction with oxygen. 

The maximal rate of the reduction of ferricytoehrome c was obtained 
from spectrophotometric experiments in which the concentration of reduced 
DPN was limiting. The relationship between DPN concentration and the 
activity of bacterial reductase is shown in Fig. 3. Under optimal condi- 
tions (Vmax.), the affinity of the reductase for DPN is very high since the 


TABLE I 
Rate of Reaction of Bacterial Reductase 


Reaction with 
DPNH Cytochrome ¢ Oxygen 
ki ke ks 
Bacterial DPN-cytochrome | 14 X 104 740 X 104 1.7 X 10 | 44 * 104 
c reductase 
Yeast TPN-cytochrome c 530,000 * 104 0.8 XK 104 
reductase * | 
Old yellow enzyme* | | 3 xX 104 | 10 10 


| | 


k = rate constant = liter X min.~! X mole“. 
* Data given by Haas et al. (3). 


rate of cytochrome reduction is optimal at 9.8 X 10-* mole of DPN per 
liter. The Michaelis constant was calculated by plotting the data accord- 
ing to the method of Lineweaver and Burk (12). The K, for the reductase 
and DPN was found to be 5.9 K 10-* mole per liter. That the reductase 
is specific for DPN was demonstrated by its failure to reduce ferricyto- 
chrome c with TPNH. The TPN was reduced with glucose-6-phosphate 
and its dehydrogenase. 

Flavoprotein Nature of Enzyme—The nature of the prosthetic group of 
the reductase was investigated. Although the enzyme appeared to contain 
flavin-adenine dinucleotide or mononucleotide, no fluorescence could be 
detected unless the enzyme was hydrolyzed. Upon hydrolysis the prepa- 
ration fluoresced and had a flavin spectrum with absorption maxima at 
260, 375, and 445 mu. From the extinction coefficient, the hydrolyzed — 
preparation contained 7.2 FAD per mil. 

Manometric experiments were performed in which the oxygen uptake 
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was followed with reactivated p-amino acid oxidase apoenzyme prepared 
from pig kidney. Various concentrations of FAD were added in order to 
determine the rate of oxygen uptake as a function of the flavin concentra- 
tion. The hydrolyzed preparation (after the removal of the inactive apo- 
enzyme) was added in various concentrations and the oxygen uptake fol- 
lowed over a period of time. A typical experiment is shown in Fig. 4. 
The hydrolyzed enzyme was capable of reactivating the p-amino acid apo- 
enzyme. Untreated reductase failed to reactivate the amino acid oxidase, 
By this procedure the preparation assayed at 6.3 &K 10-9 mM FAD per ml. 
of hydrolyzed enzyme. The average of four experiments with three differ- 
ent preparations was 6.1 X 10-9 mM FAD per ml. 

Although the data indicated the presence of FAD in the bacterial reduc- 
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Fic. 3. Rate of reduction of cytochrome c as a function of reduced DPN 


tase preparation, it seemed essential'to demonstrate the necessity of this 
coenzyme for enzymatic activity. The reductase was treated according 
to the method of Warburg and Christian (13) in order to remove the flavins. 
By this method an apoenzyme was obtained which was inactive in the 
presence of ferricytochrome c and reduced DPN (Table II). Upon the 
addition of FAD the reductase activity was restored to the extent of 0.65. 
Synthetic FMN could not restore the activity. Similar results were ob- 
tained by dialyzing the enzyme for 24 hours in the presence of 0.1 N hydro- 
chloric acid and 0.1 M potassium phosphate (monobasic). 

The dependence of the reduction of ferricytochrome c on FAD was fur- 
ther demonstrated with the apoenzyme and limiting concentrations of 
FAD. Under the conditions of the experiment, the maximal rate of reduc- 
tion with FAD occurred with 3.8 & 1077 mole liter. Although FMN and 
riboflavin could not restore the activity of the reductase, it was found that 
FMN could reduce ferricytochrome c slightly in the absence of the reduc- 
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tase, in agreement with the results of Singer and Kearney (14). Riboflavin 
also caused this non-enzymatic reduction, but to a lesser extent. 

The dissociation constant (AK) of the protein component and flavin- 
adenine dinucleotide was determined by a method similar to that of Haas 
et al. (15). 

(protein)(FAD) 
enzyme 


K = 


10 15 20 
TIME IN MINUTES 

Fic. 4. Reactivation of p-amino acid oxidase apoenzyme. The system consisted 
of 0.4 mg. of p-amino acid oxidase protein, FAD as indicated, 1 ml. of pyrophosphate 
buffer, pH 8.3, 200 um of pi-alanine, 0.05, 0.1, and 0.2 ml. of hydrolyzed bacterial 
reductase substituted for FAD, and H.0O to final volume of 3 ml. The bottom line 
represents untreated reductase in place of FAD. The reaction was carried out at 
37°. Curve 1, 0.6 y of FAD added; Curve 2, 1 y of FAD added; Curve 3, 0.1 ml. of 
heated preparation (assayed 0.47 +); Curve 4, 0.05 ml. of heated preparation (assayed 
0.24 y); Curve 5, 0.2 ml. of heated preparation (assayed 0.82 y); Curve 6, 0.2 ml. of 
unheated enzyme. 


The K value for the bacterial reductase is 82 K 10~° mole liter. This 
value is of the same order as has been found for other flavoproteins and 
indicates a high degree of stability for the reductase. 

By the method of Cramer (16), the hydrolyzed reductase was chromato- 
graphed on paper against butanol-acetic acid. The preparation produced 
a spot which fluoresced under ultraviolet light and had an Rp value of 
0.019 in agreement with the FAD controls (0.02). Attempts to elute this 
material and reactivate the protein of D-amino acid oxidase have not been 
successful. 
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The pH optimum of the bacterial reductase, as shown in Fig. 5, is pH 
8.0, which is similar to the optimal pH of DPN-linked reductase of liver 
(5). It is evident that phosphate is not necessary for this reaction since 


TaBLeE II 
Activation by Flavin-Adenine Dinucleotide 


The values are given in micromoles per ml. per minute. 


‘Rate of reduction of Fe*** cytochrome ¢ ' 


Preparation FA | FMN | 
No (0.0065 Per cent 
addition Ver | 
Apoenzyme bacterial reductase 0.0021 0 65 


The flavins were incubated for 15 minutes at 30° with 0.2 ml. of cytochrome c, 
4 X 10°* mM, 28 y of bacterial reductase apoenzyme, | ml. of 0.1 M pyrophosphate 
buffer, pH 8.0, and H.O to a final volume of 3 ml. After incubation, 500 y of reduced 
DPN were added and the reaction followed spectrophotometrically at 550 mu. 


5.0 
40F 
30F 
oO 

0 | | | | 

7.0 80 85 930 
pH 


Fic. 5. pH optimum of bacterial reductase. Ixperiment as in Fig. 2. 4, pyro- 
phosphate (0.05 m); @, phosphate (0.05 mM); O, tris(hydroxymethyl)aminomethane 
buffer. 


optimal reduction was obtained in its absence in the presence of tris(hy- 
droxymethyl)aminomethane buffer. 

The inhibition of the reductase activity was studied. Dinitrophenol, 
antimycin A’ (1000 y), and urethane (0.001 M) failed to inhibit the reduction 
of ferricytochrome c, whereas p-chloromercuribenzoic acid (10~® m) inhib- 


3 The antimycin A was generously given to us by Dr. F. M. Strong of the University 
of Wisconsin. 
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ited the reduction 81 per cent. Atabrine and acriflavine (0.001 mM) caused 
70 and 15 per cent inhibition, respectively, of the reduction of neotetra- 
zolium by thisenzyme. Cyanide, azide, and urethane at the same concen- 
tration had no effect on this reduction. 


DISCUSSION 


In bacteria as well as in yeast and mammalian tissue, flavoproteins play 
an important réle in the oxidation of the nucleotide coenzyme. The bac- 
terial cytochrome c reductase appears to be of physiological importance 
since its rate of reduction of cytochrome c is similar to that of the reduc- 
tases of liver and yeast. However, it is difficult to evaluate the physiologi- 
cal significance of the reduction of ferricytochrome c by this enzyme since 
earlier investigations (17, 18) indicate that the strains of EF. colt used were 
devoid of cytochrome c. In the strain of FE. colt used in these experiments 
a hemoprotein similar in properties to cytochrome c has been described 
(19). In the presence of reduced DPN and the bacterial reductase this 
hemoprotein could be reduced. 

The bacterial reductase is specific for reduced DPN. The occurrence 
of a TPN-linked reductase in bacteria has not been investigated. Since 
these organisms possess TPN-linked dehydrogenase (20-22), it would be 
of interest to know whether flavoproteins are involved in the oxidation of 
this coenzyme or whether the organisms are capable of passing electrons 
from reduced TPN to DPN by a transdehydrogenase enzyme similar to 
that described by Colowick et al. (21). By such a method the electrons 
from either reduced TPN or DPN could be passed to the hemoprotein 
components of the cell by the bacterial reductase. 


The author wishes to express his appreciation to Dr. Robert E. Asnis 
and Dr. Joseph 8. Gots of this department, Dr. Lucille Smith of the John- 
son Research Foundation, and to Dr. David Goddard of the Botany De- 
partment of the University of Pennsylvania for their kind advice and 
assistance. 


SUMMARY 


1. DPN-linked cytochrome reductase has been isolated from Escherichia 
colt and partially purified. 

2. The reductase has been shown to be a flavoprotein with flavin-adenine 
dinucleotide as the prosthetic group. The absorption spectrum and en- 
zymatic activity are described. | 

3. The rate constant, k, for the reduction of ferricytochrome c was 780 

X 10‘ liter mole“ min.~'. This enzyme reacted 435 times faster with 
cytochrome than with oxygen. 
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4. The dissociation constant for the enzyme is 82 X 10~° mole liter", 
The affinity of the reductase for DPN is very high, having a Michaelis 
constant of 5.9 X 107-5 m per ml. 

5. Optimal activity was found at pH 8.0. 

6. Of the inhibitors studied, only p-chloromercuribenzoate, atabrine, and 
acriflavine inhibited the enzymatic reduction. 
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Earlier papers have described the species distribution of several erythro- 
cyte peptidases (1) and the purification and properties of prolidase from 
horse erythrocytes (2). The present paper concerns the isolation from 


horse erythrocytes of tripeptidase and a comparison of some of its proper- 


ties with similar enzymes from other tissues. The availability of additiona ] 
tripeptides containing combined L-proline, hydroxy-L-proline, and 6-alanine 
has permitted a more definitive characterization of certain aspects of the 
specificity of this enzyme. 

Tripeptidase is of particular interest in connection with the cellular 
origin of serum peptidases, since it is found in relatively high concentration 
both in the sera (3) and the erythrocytes (1) of a number of species and 
was the first peptidase to be recognized in hemolysates (4). Serum tri- 
peptidase levels have been shown to rise after the production in dogs of 
experimental hemolytic anemia, and to be elevated in the serum of a pa- 
tient with acute hemolytic anemia (5). On this basis erythrocytes appear 
to represent a major cellular source of the tripeptidase activity of serum (5). 

Tripeptidase is widely distributed among plant and animal tissues. 
Earlier information concerning its general properties and substrate speci- 
ficity has been recently summarized (6) and will be mentioned below in 
specific connection with the detailed data concerning the erythrocyte 


enzyme. 
EXPERIMENTAL 


Methods—Tripeptidase activity was measured by the alcohol titration 
method of Grassmann and Heyde (7). Enzyme preparations were incu- 
bated at 40° with the substrate at 0.05 m concentration in the presence of 
0.015 m Veronal or 0.04 m Tris (tris(hydroxymethyl)aminomethane) buffers 


* This investigation was aided by research grants from the National Institutes of 
Health, United States Public Health Service. 

t Surgeon of the United States Public Health Service. 

t Public Health Service Postdoctorate Research Fellow of the National Cancer 
Institute (1949-51). 
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at pH 7.8. Hydrolysis was calculated as 100 per cent for the scission of a 
single peptide bond equivalent. Enzyme activity was expressed as the 
first order proteolytic coefficient, C, = K,/E, where K, is the first order 
rate constant for hydrolysis, calculated in minutes and decimal logarithms, 
and E is the enzyme concentration in mg. of protein nitrogen per ml. of 
test solution. Protein nitrogen was determined by a micro-Kjeldahl method 
or by a modification of the turbidimetric method of Biicher (8). 

Purification of Tripeptidase—The purification of tripeptidase from horse 
erythrocytes was accomplished by a procedure essentially similar to that 
described by Fruton and his associates (9) for the purification of a similar 
enzyme from saline extracts of calf thymus. 

Freshly collected, citrated horse blood was permitted to stand overnight 
at 5°, the plasma and buffy coat discarded, and the sedimented erythrocytes 
washed once to three times in cold isotonic saline. The washed cells were 
hemolyzed by the addition of an equal volume of cold distilled water, and 
the hemolysate was brought to 0.4 saturation with solid ammonium sulfate. 
After standing overnight at 5°, the heavy precipitate of hemoglobin was 
removed by centrifugation and filtration, and the paler filtrate brought to 
0.7 saturation by addition of solid ammonium sulfate. The precipitate was | | 
resuspended in a solution of ammonium sulfate at 0.4 saturation of ap- 
proximately half the volume of the original hemolysate. This procedure ( 
was repeated two or three times, with successive collection of the fraction | ( 
precipitating between 0.4 and 0.7 saturation and resuspension of this pre- 
cipitate in progressively smaller volumes of 0.4 saturated ammonium sulfate { 
solution. These repeated fractionations precipitated the bulk of the hemo- 
globin at 0.4 saturation in sulfate, whereas the tripeptidase activity, as in 
saline extracts of calf thymus (9), was precipitated at 0.7 saturation. The 1 
final precipitates, pale orange-brown im color, were dialyzed against cold 
distilled water until free of sulfate and were then lyophilized. Once dried, | ; 


preparations of tripeptidase have retained their activity for over a year. 
It was noted, however, that preparations of the enzyme in solution lost 
approximately half their original activity on lyophilization. 3 

As noted previously (1), the first order proteolytic coefficient for the | 
hydrolysis of triglycine (Ceac) has averaged 0.0009 in crude hemolysates | 
from several horses, the range being 0.0008 to 0.0013. Individual prepara- 
tions of tripeptidase, purified as described above, have varied in activity | | 
from a Cgac of 0.1 to 0.6 with yields from 10 to 30 per cent that of the — 
total original activity of crude hemolysates. The most active preparations f 
obtained thus represent a 500- to 750-fold purification of the enzyme from | 
hemolyzed erythrocytes and correspond to a purity approximately half | , 
that of the best preparations from calf thymus reported by Ellis and 
Fruton (10). I 
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Cellophane Inactivation of Erythrocyte Tripepttidase—Several samples of 
dialysis tubing (Visking NoJax) were found to inactivate the partially 
purified tripeptidase. Enzyme solutions 0.2 to 1 per cent in protein at pH 
7.8 or 8.4 in the presence of various buffers proved virtually inactive after 
24 to 48 hours at 5° in contact with small pieces of cellophane suspended in 
the solution. Aliquots of the same solutions, in the absence of cellophane 
membranes, were fully active after storage at similar temperatures for 
periods up to 11 days. Time studies of inactivation showed that when 
2 ml. of 0.2 per cent tripeptidase solution (Cegg = 0.18) in Veronal (pH 8.4) 
were incubated at 5° with an area of 15 sq. cm. of Visking tubing, the 
enzyme lost 50 per cent of its activity in the first 20 minutes, 85 per cent 
in 24 hours, and approximately 100 per cent in 48 hours. Efforts to elute 
activity from such membranes with a variety of salts and buffers over a 
pH range of 6.2 to 9.4 were unsuccessful and attempts to demonstrate 
active absorbed enzyme by suspending a shredded membrane in substrate 
solution were similarly negative. Three different enzyme preparations 
which were tested showed identical inactivation behavior.! 

Certain conditions were found which minimized the degree of inactiva- 
tion: (1) the use of other types of cellophane (du Pont Deluxe cellophane, 
“non-water-resistant”’), (2) dialysis against water of enzyme suspensions 
originally at 0.6 saturation in ammonium sulfate, and (3) the presence of 
0.05 to 0.5 m phosphate buffer at pH 6.9. 

Since it seemed possible that significant activity was being lost during 
the preparation of the enzyme, through dialysis in Visking tubing to remove 
ammonium sulfate, a test preparation was made in which the ammonium 
sulfate precipitate was divided into three portions, one dialyzed in the usual 
manner in Visking NoJax tubing, a second dialyzed in du Pont cellophane, 
and a third dialyzed against 0.05 m phosphate at pH 6.9. The dialyzed 
solutions all had comparable activities. From this, it may be concluded 
that the inactivation by cellophane observed with small samples of rela- 
tively dilute enzyme solutions did not significantly influence the yields 
obtained from large scale preparations. It seems likely that the greater 
ratio of mass of enzyme to area of membrane in concentrated preparations 
was a factor in the protection of activity during preparative dialysis. 

Kinetics of Erythrocyte Tripeptidase—Studies of the tripeptidase obtained 
from calf thymus (9, 10) have shown that it hydrolyzes substrates at 0.05 m 
according to zero order kinetics. In contrast, the action of the enzyme 
from horse erythrocytes can best be described by first order rate constants, 


1 Further attempts to elucidate the mechanism of inactivation were unsuccessful. 
It was found, for example, that prolonged soaking of Visking cellophane in water 
or in solutions of various buffers did not affect the inactivating properties of the 
membrane on subsequent contact with enzyme solutions. 
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as shown in Table I, in which first and zero order constants are compared 
for several enzyme preparations and for several substrates. Tripeptidase 
in hemolysates from several species (1) has similarly shown first order 
hydrolysis of triglycine at 0.05 m. The tripeptidase of hog intestinal 


TABLE | 
Kinetics of Erythrocyte Tripeptidase Action 
The assays were made uniformly as described in the text. HD2, HD;, and HD, 
were preparations of partly purified horse erythrocyte tripeptidase, made as de- 
scribed. C refers to the first order proteolytic coefficient for the hydrolysis of 
triglycine. A, and Ko are the first and zero order rate constants, respectively, 
calculated from the data. Ko is calculated as per cent hydrolyzed per minute. 


Substrate | Enzyme preparation | Time (Hydrolysis Ki Ko 
| min. per cent 
Triglycine Hemolysate (C = 63 19 0.0015 0.30 
0.0013) 114 32 0.0014 0.28 
168 45 0.0015 0.27 
227 57 0.0016 0.25 
” HD, (C = 0.2) 27 13 0.0022 0.48 
94 35 0.0020 0.37 
158 45 0.0016 0.28 
| 265 67. | 0.0018 | 0.25 
ad HDs; (C = 0.2) 30 22 0.0036 0.73 
| 64 39 0.0034 0.61 
| | 122 62 0.0034 0.51 
| 187 73 0.0030 0.39 
= HDs; (C = 0.2) 40 16 0.0019 0.40 
59 22 0.0018 0.37 
| 98 32 0.0018 | 0.34 
| | «165 52 0.0019 | 0.32 
Glycylglyeyl-L-proline (C = 0.3) 12 0.0030 0.67 
| 30 20 0.0032 0.67 
| 49 28 0.0029 0.57 
| 79 43 0.0031 0.55 
L-Leucylglycylglycine | HD, (C = 0.3) 10 23 | 0.014 | 2.8 
| 23 60 | 0.017 | 2.6 
| 36 64 0.014 1.9 


mucosa splits L-leucylglycylglycine (11) and pui-prolylglycylglycine (12), 
according to zero order kinetics, whereas the hydrolysis of other substrates 
is best described by first order rate constants. From this variation in 
kinetic behavior, it is evident that the enzymes from different sources 
must possess different values of K,,, the Michaelis constant, for the same 
substrates. The enzyme of thymus would be expected to have smaller Kn 
values than the enzymes which hydrolyze substrates according to first 
order kinetics. 
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pH Opttmum—The optimum for the action of erythrocyte tripeptidase on 
triglycine (Fig. 1) was found to be at pH 7.9, in close agreement with the 
optimum (9) for the enzyme of calf thymus. Considerably sharper reduc- 
tion of activity at pH values below 7.5 and above 8.0 is shown by the 
erythrocyte enzyme as. compared with the tripeptidase of thymus. It is of 
interest that the reported optimum is pH 7.1 (13) for the hydrolysis of 
0.05 m triglycine bv human hemolysates. 

Influence of Added Ions—In contrast with the large group of metal- 
activated peptidases, tripeptidase from a number of sources is not activated 
by added divalent metal ions (6). The enzyme from erythrocytes conforms 


i 


70. 75 80 


pH 
Fic. 1. Hydrolysis of triglycine as a function of pH. All flasks contained Tris- 
cacodylate buffer (14), 0.04 m in each. The enzyme concentration was 0.04 mg. of 
protein N per ml. of test solution. Control assays indicated no difference in activity 
at pH 7.9 in the presence of Veronal, Tris, or Tris-cacodylate buffers. 


to these findings (Table II) and exhibits quantitatively almost identical 
inhibition by cysteine and by Cd*", as does the purified thymus enzyme 
(10). Additional similarities between erythrocyte and thymus tripeptidase 
are the failure of Mn++, Co**, or ethylenediaminetetraacetate to influence 
activity significantly. 

Specificity of Erythrocyte Tripeptidase—The data of Table III confirm 
and extend previous information concerning the specificity of tripeptidase 
from other tissues (6). As has already been shown for enzymes from other 
sources, erythrocyte tripeptidase requires in the substrate a free basic and 
a free carboxyl group, as indicated by the failure to split carbobenzoxy-.- 
leucylglycylglycine and glycylglycinamide. When optically active, the 
amino acid carrying the free basic group must have the L configuration, 
since D-leucylglycylglycine is resistant to hydrolysis. Peptides such as 
glycyl-p-leucylglycine are similarly resistant to the action of calf thymus 
tripeptidase (9), whereas compounds in which the terminal amino acid is 
of the p configuration may be split, as shown by the slow hydrolysis of 
glycyl-t-leucyl-p-leucine (10). 
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The failure to hydrolyze glycylglycine at appreciable rates, as well as 
several other dipeptides which were tested in the absence of added metal 
ions, confirms for erythrocyte preparations the previous findings (6, 9-11) 
that tripeptidase does not act on dipeptides. In addition, the results 
(Table III) indicate the freedom of these erythrocyte preparations from 
significant contamination with glycylglycine dipeptidase, prolidase, imino- 
dipeptidase (14), and leucine aminopeptidase. If present at a high level, 
the last named enzyme, specifically, would complicate interpretation of the 
hydrolysis of L-leucylglycylglycine. 

Although a free amino group was earlier thought necessary for the action 
of tripeptidase, Johnson (12) showed that the requirement was, more gen- 
erally, for a free basic group, since p.-prolylglycylglycine was hydrolyzed 


Il 
Effect of Added Substances on Erythrocyte Tripeptidase Activity 


All assays were carried out with triglvcine as substrate. The enzyme concen- 
tration was 0.04 mg. of protein N per ml. of test solution. 


Added substance | Cs Relative activity 
i | per cent 
Leen 0.12 75 
Kthylenediaminetetraacetate (0.005 mu) 0.14 87 
| 0.049 30 


by intestinal tripeptidase at a rate somewhat faster than was triglycine. 
Similarly, pLt-V-methylalanylglycylglycine and sarcosylglycylglycine were 
hydrolyzed at appreciable rates, although pi-NV-dimethylalanylglycylgly- 
cine was not attacked. Since Johnson’s preparations also contained slight 
iminodipeptidase activity, as judged by the slow hydrolysis of L-prolyl- 
glycine, these data could not then be taken as absolute evidence for the 
splitting of such iminotripeptides by tripeptidase. It has since been shown 
(14), however, that iminodipeptidase of swine kidney has no action on 
iminotripeptides such as L-prolylglycylglycine. Table III presents data 
which confirm Johnson’s findings in that L-prolylglycylglycine is split more 
than twice as rapidly as triglycine is. It is noteworthy that hydroxy-t- 
prolylglycylglycine is hydrolyzed at only one-sixth the rate of the corre- 
sponding proline compound. The hydrolysis of glycylglycyl-L-proline and 
glycylglycylhydroxy-.-proline, each at similar rates, confirms previous 
observations (9, 11) that a hydrogen atom need not be present in the see- 
ondary peptide bond. 
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In contrast to the rapid hydrolysis of the above tripeptides containing 
proline or hydroxyproline, glycyl-L-prolylglycine is completely resistant to 
tripeptidase action. This observation with a tripeptide composed of nat- 


TaB.e III 
Specificity of Erythrocyte Tripeptidase 
The assays were performed with each substrate initially at 0.05 mM and without 
added metal ions. All assays were carried out in 0.04 m Tris buffer at pH 7.8 to 7.9 
and were allowed to run at least 24 hours. The enzyme concentration, £, expressed 
in mg. of protein N per ml. of test solution, was varied to give more reliable kineties 
for the hydrolysis of poor substrates. 


L-Alanylglycylglycine... | | 0.35 175 
p-Leucylglycylglycine 0.21 <0.0001 
Glyeylglycinamide | 0.21 0.0018 0.9 
Carbobenzoxy-L- leucyighyey igiveine | 0.21 <0.0001 
Glyeylglycine... | 0.068 0.0010 0.5 
Glyeyl-L-proline __. 0.068 0.0040 2.0 
L-Prolylglycine. | 0.0060 | 3.0 
L-Leucinamide ..| 0.068 | 0.0010 0.5 
Glyeylgl veyl-L-proline 0.027 0.11 | 55 
(14) 0.027 0.12 | 60) 
L-Prolylglveylglycine (14). | 0.013 0.47 235 
(14)... 0.068 0.08 40 
Glyeylglyevl-g-alanine (15) «0.054 0.054 27 
Glyevl-8-alanylglyeine (15). 0.054 0.064 32 
Glyeyl-8-alanyl-8-alanine (this paper) 0.21 0.0055 2.8 
8-Alanvigiveylglycine (15). 0.054 <0.0001 
8-Alanylglycyl-8-alanine (this paper) 0.054 <0.0001 


(this paper) 0.054 <0.0001 


Xo detec ‘table hydrolysis in 24 hours. 
t Bibliographic citation for the synthesis of the compound. 


urally occurring amino acids firmly establishes the requirement for a peptide 
hydrogen in the sensitive peptide bond, previously indicated by the failure 
of calf thymus tripeptidase (9) to hydrolyze L-alanylsarcosylglycine. 

It should be noted that tripeptidase clearly represents a third enzyme, 
in addition to prolidase (2) and iminodipeptidase (14), capable of hydrolyz- 
ing at a rapid rate peptides which contain the imino acids L-proline and 
hydroxy-.-proline. 
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The synthesis of additional tripeptides containing 6-alanine, described 
below, has permitted further study of the susceptibility of such compounds, 
As already noted, extracts of rat muscle (15) and purified thymus tri- 
peptidase (10) hydrolyze both glycyl-8-alanylglycine and glycylglycy|-s- 
alanine, although at considerably slower rates than triglycine. The present 
data qualitatively confirm these findings; the rates of hydrolysis for each 
peptide relative to triglycine are different both for the two enzymes previ- 
ously cited and for the erythrocyte enzyme. As might be expected from 
the coincidence of two 8-amino groups in the same peptide, glycy]-8-alanyl- 
6-alanine is hydrolyzed at a much slower rate than either of the previously 
tested tripeptides, each containing a single S-alanine residue. 

It was also noted earlier that the free basic group must be a to the sensi- 
tive peptide bond, since §-alanylglycylglycine is completely resistant to 
hydrolysis both by rat muscle extracts (15) and by the thymus enzyme (10). 
Similarly, the erythrocyte tripeptidase has no detectable action either on 
6-alanylglycylglycine or on the two new peptides, 6-alany]-8-alanylglycine 
and tri-8-alanine, in all of which a free 8-amino group is present. 


Preparation of Peptides 


Ethyl Ester—Carbobenzoxyglycyl- 
B-alanine (4.2 gm.) (15) was moistened with chloroform, cooled to 0°, and 
treated with 2.1 ml. of triethylamine. After addition of 3 ml. of isobuty! 
chlorocarbonate to form the mixed anhydride (16, 17), the mixture was 
allowed to stand 10 minutes at 0° and was then added to an ice-cold sus- 
pension in chloroform of 8-alanine ethy! ester liberated from 2.3 gm. of 
the hydrochloride by 2.1 ml. of triethylamine. After 15 minutes at room 
temperature, the reaction mixture was heated to boiling, cooled, and washed 
with dilute hydrochloric acid, water, dilute bicarbonate, and water. The 
chloroform solution was dried over sodium sulfate and concentrated under 
reduced pressure to yield 3.0 gm. of needles. The product was recrystal- 
‘lized from ethanol; m.p., 138-139°. 


Calculated. C 57.0, H 6.6, N 11.1 


Carbobenzoxyglycyl-8-alanyl-8-alanine 
alanine ethyl] ester (2.0 gm.) was dissolved in acetone-water and saponified 
with 5.8 ml. of mM NaOH, added in three portions with shaking during 
15 minutes. After a further 5 minutes at room temperature, the solution 
was acidified and concentrated under a stream of air to yield 1.5 gm. of 
crystals. The product was recrystallized from water; m.p., 179-180°. 


CysH206N3. Calculated. C 54.7, H 6.0, N 12.0 
351.4 Found. “ 55.1, “ 6.0, “ 12.3 


= 


XUM 
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Glycyl-8-alanyl-B-alanine—1.0 gm. of the above compound was hydro- 
genated in the presence of palladium black in methanol containing | ml. 
of water and 1 ml. of glacial acetic acid. The peptide crystallized during 
hydrogenation and was isolated after repeated concentration from ethanol 
under reduced pressure. Yield, 0.55 gm. The peptide was recrystallized 
from water-ethanol. 


CsHisO.N;. Calculated. C 44.2, H 7.0, N 19.3 
217.2 Found. ** 44.5, “‘ 6.9, ** 19.3 


Carbobenzoxy-B-alanylglycine Hydrazide—5.8 gm. of carbobenzoxy-f-al- 
anylglycine ethyl ester (15) were dissolved in 100 ml. of ethanol. After 
the addition of 2 ml. of 95 per cent hydrazine hydrate, the solution was 
allowed to stand several hours at room temperature. Crystals appeared 
when the solution was chilled in the refrigerator. Yield, 5.56 gm. The 
compound was recrystallized from ethanol; m.p., 155-156°. 


CisHysOwN,. Calculated. C 53.1, H 6.2, N 19.0 
294.3 Found. ** 53.5, ** 6.3, ‘* 18.9 


Ethyl Ester—-Carbobenzoxy-6-al- 
anylglycine azide was prepared from 4.5 gm. of the hydrazide by the pro- 
cedure of Bergmann et al. (18). A cold dry solution of the azide in ethyl! 
acetate was added to an ethyl! acetate solution of B-alanine ethyl ester 
prepared from 2.3 gm. of the hydrochloridgewith the immediate appearance 
of crystals. The mixture was allowed to stand 48 hours at room temper- 
ature for complete reaction. Yield, 4.0 gm. The product was recrystal- 
lized from ethanol; m.p., 143-—144°. 


CisHesOgNs. Calculated. C 57.0, H 6.6, N 11.1 
379.4 Found. ~ Cay * 


Carbobenzoxy-B-alanylglycyl-8-alanine—3.6 gm. of the above ester were 
saponified for 30 minutes in acetone with 10.4 ml. of Mm NaOH. The 
product crystallized on acidification to Congo red. Yield, 2.8 gm. The 
product was recrystallized from methanol-water; m.p., 187—188°. 

He 3. Calculated. C 54.7, H 6.0, N 12.0 
8-Alanylglycyl-8-alanine--2.0 gm. of the carbobenzoxy derivative were 
hydrogenated in the usual manner; yield, 1.1 gm. The peptide was re- 
crystallized from ethanol-water. 
C.H,;0.N;. Caleulated. C 44.2, H 7.0, N 19.3 

Carbobenzoxy-B-alanyl-B-alanine Ethyl Ester—Carbobenzoxy-8-alanine 

(22.1 gm.) and #-alanine ethyl ester prepared from 15.4 gm. of the hydro- 


bed 
ids, 

tri- 

ent 
ach 
‘om 
sly 

to 

on 
yl- | 
nd 
“as 
of 
he 
ler 
il- 
3- 
ig 

n 
of 


854 PEPTIDASES OF ERYTHROCYTES. III 


chloride were coupled in chloroform by the method of Vaughan (16) and 
Boissonnas (17). The reaction mixture was allowed to stand overnight at 
room temperature and the chloroform solution was washed and dried as 
described above. After concentration under reduced pressure to an oil, 
crystals appeared on cooling. Yield, 14.0 gm. The substance was re- 
crystallized from ethyl acetate-petroleum ether; m.p., 84—86°. 


CisH2O;N2. Calculated. C 59.6, H 6.9, N 8.7 
322.4 Found. 59.9, 6.8, 8.8 


This compound was also prepared in comparable yield by coupling carbo- 
benzoxy-§-alany] chloride with 8-alanine ethy] ester. 

Carbobenzoxry-B-alanyl-8-alanine 
alanine ethyl ester (8.0 gm.) was dissolved in 120 ml. of hot ethanol, treated 
immediately with 2 ml. of 95 per cent hydrazine hydrate, and kept several 
hours at room temperature. Crystals appeared after the mixture was 
chilled overnight and the vessel scratched. Yield, 7.3 gm. The compound 
was recrystallized from ethanol; m.p., 185-187°. 


CygQHooOuN,. Calculated. C 54.6, H 6.5, N 18.2 
308 .3 Found. 55.0, 6.5, 18.4 


Ethyl Ester-—Carbobenzoxy--ala- 
nyl-8-alanine azide prepared from 6.8 gm. of the hydrazide was coupled 
in ethyl acetate with glycine ethyl ester from 4.2 gm. of the hydrochloride. 
The product crystallized from the reaction mixture after 48 hours at room 
temperature. Yield, 3.3 gm. The compound was recrystallized from 
ethanol; m.p., 148-149°. 


CyisH2;O5N3. Calculated. C 57.0, H 6.6, N 11.1 
379.4 Found. . 57.1, 6.8, 11.0 


Carbobenzoxry-B-alanyl-B-alanylglycine—3.6 gm. of the above ester were 
saponified to yield 2.9 gm. of the acid; m.p., 196—198° after recrystallization 
from water. 


Cy6sH2,06N;3 (351.4). Calculated, N 12.0; found, N 11.7 


B-Alanyl-B-alanylglycine—The carbobenzoxy derivative (2.0 gm.) was 
hydrogenated to yield 1.2 gm. of tripeptide which was recrystallized from 
ethanol-water. 


CsH;;0,N3. Calculated. C 44.2, H 7.0, N 19.3 
217.2 Found. 44.0, 7.3, 19.4 


Carbobenzoxy-B-alanyl-B-alanyl-B- alanine Ethyl Ester—Carbobenzoxy-f- 
alanyl-8-alanine azide prepared from 6.8 gm. of the hydrazide was allowed 
to react in ethyl acetate with 6-alanine ethy] ester from 4.6 gm. of the 
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hydrochloride. Crystals appeared immediately and were collected after 
48hours. Yield, 4.6gm. The compound was recrystallized from ethanol; 
m.p., 163-164°. 


CigHo7OeNs. Calculated. C 58.0, H 6.9, N 10.7 
393.4 Found. ** 58.0, “ 6.9, “ 10.8 


Carbobenzox y-B-alanyl-B-alanyl-B-alanine—4.8 gm. of the above ester were 
saponified to yield 4.0 gm. of crystals from water. The product was re- 
crystallized from water; m.p., 194-195°. 


C,7H2OgNs. Calculated. C 56.1, H 6.3, N 11.2 
365.4 Found. 56.1, 6.3, 11.3 


8-Alanyl-B-alanyl-B-alanine—The carbobenzoxy derivative (3.0 gm.) was 
hydrogenated to yield 1.8 gm. of tripeptide. The substance was recrystal- 
lized from ethanol-water. Analytical results indicated the hemihydrate. 


CyH;7O4N;-3H2O. Calculated. C 45.0, H 7.6, N 17.5 


SUMMARY 


1. Tripeptidase has been purified 500- to 750-fold from hemolyzed horse 
erythrocytes. The enzyme hydrolyzes triglycine optimally at pH 7.9, is 
not activated by added metal ions, and is strongly inhibited both by cad- 
mium ions and by cysteine. In these properties, erythrocyte tripeptidase 
resembles related enzymes from other tissues. Unlike the tripeptidase 
purified from calf thymus, all substrates tested with the erythrocyte en- 
zyme were hydrolyzed according to first order kinetics. 

2. Specificity studies indicate that L-prolylglycylglycine is the most sensi- 
tive substrate known for tripeptidase, and that tripeptides in which L- 
proline or hydroxy-t-proline is the terminal residue are also hydrolyzed. 
Glycyl-L-prolylglycine is completely resistant to hydrolysis, confirming the 
previous indication that substrates for tripeptidase may possess a free 
imino group but require a peptide hydrogen at the susceptible linkage. 

3. Erythrocyte tripeptidase hydrolyzes glycylglycyl-@-alanine, glycyl-6- 
alanylglycine, and also, although at a slower rate, glycyl-8-alanyl-6-alanine. 
Failure to hydrolyze tripeptides with a free B-amino group was confirmed 
for B-alanylglycylglycine and was observed also with the three new peptides 
6-alanylglycyl-6-alanine, 6-alanyl-8-alanylglycine, and 8-alanyl-6-alanyl-- 
alanine. 

4. Rapid inactivation of tripeptidase solutions by certain types of cello- 
phane dialysis membranes was observed. 

5. The synthesis is described of glycyl-8-alanyl-8-alanine, B-alanylglycy]- 
B-alanine, together 
with a number of crystalline intermediates. 
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Enzymes are protein molecules possessing sites at which interaction can 
occur with the molecules which are their substrates. The interaction be- 
tween an enzyme and its substrate or inhibitor is a special case of protein 
interaction, in which, in the case of the substrate, the formation of the 
complex may be followed by a rearrangement of chemical bonds of the 
substrate, thus promoting in it a possible chemical transformation or reac- 
tion. In the interaction of an enzyme with a competitive inhibitor the 
complex formed involves the same sites on the enzyme molecules, but the 
interaction may follow a different mass action relationship than that with 
the substrate and complex formation is not followed by any chemical trans- 
formation of the inhibitor molecule. 

The determination of the number of active sites present per enzyme 
molecule is of interest and importance to an understanding of enzyme 
structure and mechanism. Mass action studies on an enzyme-competitive 
inhibitor system can yield a value of the number of sites per enzyme mole- 
cule and a value of the mass action constant involved in the enzyme- 
inhibitor reaction. Kinetic studies, while capable of yielding the mass 
action constant for such interactions do not, except when the affinity con- 
stant is very high, give any information as to the number of active sites 
per enzyme molecule. 

From kinetic studies constants of interaction may be calculated through 
the use of equations developed first by Michaelis and Menten and extended 
by Van Slyke and Cullen, Briggs and Haldane, and others (see the review 
by Neurath and Schwert (1)). In the case of the reaction between an 
enzyme and its substrate, the relation between v, the initial velocity of 
disappearance of the substrate or appearance of products, and [5S], the initial 
concentration of free substrate, is 


1 Ll Ke 1 
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where K,, is the Michaelis-Menten constant. If 1/v is plotted against 
1/[S] under proper conditions, a linear plot is obtained, and from its inter- 
cept and slope the constants, Vmax. and K,,, are determined. If a com- 
peting inhibitor is present the equation takes the form 


1 ] 1 1 


where [I] is the concentration of the free inhibitor and K; is the enzyme- 
inhibitor dissociation constant. These equations may be compared with 
the mass action equations of Klotz and coworkers (2, 3) for the binding of 
anion A (or J) at equivalent sites on a protein, 
+ — or + (3) 
nm 

and for their competitive binding when both are present in the system, 
and [A]; and [A], are being measured, 

1 1 


(4) 
nr 


1 
a Ka 
n (x K; [A], 


where r equals [A],/ [P] and is the number of moles, [A],, of the anion, 
A, bound per mole of protein; K, and K; are dissociation constants for the 
complexes between the protein and the respective anions, A and J; [A], 
and [J]; are the equilibrium concentrations of free anions; and n is the 
maximum number of sites available on the protein for interaction between 
it and the anions. 

From enzyme kinetic theory, v = k3c, where k; is the velocity constant 
for the breakdown of the enzyme-substrate complex into free enzyme and 
products, and c is the concentration of the enzyme-substrate complex and 
is equal to [A], in the relationships described by Equations 3 and 4, when 
A is taken as a substrate, J as an inhibitor, and [A], is measured in moles. 
It can be seen that v and Vmax. in Equations 1 and 2 bear a constant ratio 
to r in Equations 3 and 4. K,,, once interpreted as the enzyme-substrate 
dissociation constant, is now known to be equal to (ke + k3)/k:, where 
k, and ke are velocity constants for the forward and reverse reactions, 
respectively, between the enzyme and its substrate, h2/k; being the true 
dissociation constant, K, for this reaction. A, differs from K by the incre- 
ment k3/k;. The slopes obtained from Equations 1 and 2 divided by the 
intercepts of these equations will equal the slope divided by the intercept 
obtained from Equations 3 and 4 plus the difference between K,, and the 
true dissociation constant, K. However, A; calculated by use of Equations 
1 and 2 will be equivalent to K; in Equations 3 and 4, irrespective of n. 
Methods which will yield K; for inhibitor interaction by use of Equation 
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3 will be confirmatory of the value of A; by Equations | and 2 and will, in 
addition, yield a value for n. 

The dialysis-equilibrium technique employed by Klotz et al. (2, 3) and 
the electrophoresis methods developed by Smith and Briggs (4) and Alberty 
and Marvin (5), applied to an enzyme-complex system, would give an 
unequivocal value for n. If an enzyme-substrate complex could be stabi- 
lized (2.e., if the breakdown of the substrate into products could be pre- 
vented), these methods would give not only n but a true dissociation con- 
stant for the enzyme-substrate combination, in contrast to K » as obtained 
from kinetic studies. Velick (6) has applied electrophoresis and equilib- 
rium-dialysis techniques in a study of the interaction between the enzyme 
aldolase and the inorganic anions of phosphate and acetate buffers. 
Doherty and Vaslow (7) studied the interaction between chymotrypsin 
and N-acetyl-3 ,5-dibromo-L-tyrosine, which they show to be a substrate 
for this enzyme and, at pH values below the region of optimum activity, 
they report a value of n equal to 1 for this enzyme. In the present paper, 
electrophoresis and dialysis-equilibrium methods are applied to enzyme- 
ionic competitive inhibitor systems to obtain an estimate of the number, 
n, of catalytic sites on the chymotrypsin molecule. 


EXPERIMENTAL 
Electrophoresis Experiments 


Although the electrophoresis methods for characterizing protein-small 
ion interaction have proved dependable in certain cases (4, 5), attempts to 
apply these methods to enzyme-ionic inhibitor systems were attended by 
only limited success. This situation results from the circumstance that if 
n is low or K; is high, the peaks of the electrophoresis patterns obtained 
may not be sufficiently differentiated to yield the data from which these 
constants can be calculated. Smith and Briggs (4) found, for example, in 
their study of the interaction of bovine serum albumin with methyl! orange, 
that the increase, per anion bound, in the constituent mobility of the 
protein (the mobility of the protein in the presence of an interacting ion) 
was 0.13 & 10-* sq. em. per volt second. This value is dependent on the 
nature of the buffer, the anion, and the protein. From it, however, it can 
be estimated that binding of less than 2 or 3 anions per mole of protein 
would be very difficult to detect electrophoretically, 7.e., from changes in 
protein mobility. If the bound anion were a significant fraction of the 
total anion present, however, even though r were low, there should be a 
detectable change in the mobility of the anion in the presence of the pro- 
tein. Such electrophoresis experiments were run with a-chymotrypsin and 
a divalent inhibitor, a-naphthylmethylmalonic acid. No observable change 
in the constituent mobilities of the protein or of the anion was detected 
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in these experiments. It was concluded that n must be very low and that 
the dissocation constant must be too high to cause observable mobility 
changes at the concentrations used. Electrophoresis experiments with car- 
boxypeptidase and a few of its ionic inhibitors led to similar results and 
conclusions. These experiments, while failing to yield values of n and K;,, 
were nevertheless informative to the extent that it was obvious that the 
value for n for these enzyme molecules must be small. Since electrophore- 
sis experiments were not feasible at the higher enzyme concentrations which 
would be necessary to produce observable interaction, further attempts to 
ussess the value of n for an enzyme-inhibitor system by this method were 
discontinued and equilibrium-dialysis methods, with a-chymotrypsin and 
a-naphthylpropionic acid, a strong inhibitor (Neurath and Gladner (8)), 
were resorted to instead. 


Dialysis-Equilibrium Experiments 


Materials—The a-chymotrypsin used was Armour’s salt-free, bovine ori- 
gin, Lot 90492. N-Acetyl-L-tyrosinamide was prepared according to the 
directions of Thomas, MacAllister, and Niemann (9), and the product 
obtained had a melting point of 220°. a-Naphthylmethylmalonic acid was 
prepared according to the method of Neurath and Gladner (8) and had a 
decomposition point of 170°. a-Naphthylpropionic acid was prepared ac- 
cording to the method of Neurath and Gladner from a-naphthy]methy!- 
malonic acid and, as obtained, had a melting point of 154-156°. 

Phosphate buffers were prepared by titrating a solution of dibasic potas- 
sium phosphate (Merck, reagent grade) to the desired pH with KOH; a 
Cambridge pH meter was used. Fresh buffers for each experiment were 
prepared in double strength and diluted to the desired concentration and 
the pH was checked. 


Methods 


Activity of a-Chymotrypsin—The activity of a-chymotrypsin was deter- 
mined by using N acetyl-L-tyrosinamide as substrate. 1 ml. of a freshly 
prepared, buffered enzyme solution was added to 4 ml. of a buffered sub- 
strate solution. The buffer was 0.1 mM phosphate, pH 7.9. 0.2 ml. ali- 
quots of the reaction mixture were removed with a calibrated micro pipette 
and added to the outer chamber of Conway diffusion cells which contained 
0.2 ml. of 0.01 m H.SO, in the center cup. The enzyme action was stopped 
by the addition of 0.5 ml. of a saturated K:COs; solution to the enzyme- 
substrate solution, the terminal time of the reaction being measured upon 
the addition of the K2CO3 solution. After allowing 2 hours at 37° for 
diffusion, the acid in the center cup was back-titrated with 0.025 m NaOH. 
Since only relative activities were desired, errors introduced by back-titra- 
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tion and CO, absorption by the dilute NaOH solutions were ignored. The 
concentrations of the chymotrypsin solutions were calculated from the 
optical density of the solutions at 280 my, with the factor reported by 
Kunitz (10); namely, mg. of protein per ml. = 0.5 times the optical density 
(for a 1 cm. absorption cell). 

Equilibrium-Dialysis—In each equilibrium-dialysis experiment, 3 ml. of 
a buffered solution of the enzyme were placed in a small cellophane sac 
and dialyzed against 3 ml. of a buffered solution of the inhibitor. Small 
volume changes in the inner and outer solutions were estimated by weigh- 
ing the sac and its contents (after drying the outside) before and after the 
dialysis and were taken into account in the calculations of the final enzyme 
concentration. Controls were run in which 3 ml. aliquots of buffer alone 
were dialyzed against 3 ml. aliquots of the inhibitor solution. The dialysis 
membrane and the enzyme alone were tested for dialyzable substances 
which might interfere with the spectrophotometric measurement of the 
inhibitor concentrations in the dialysate. The experiments were carried 
out at 25° + 2° and the solutions were stirred continuously for 15 to 16 
hours 1n a rotating device, 0.1 M phosphate buffer, pH 7.9, being used in all 
experiments. Final equilibrium-inhibitor concentrations were determined 
spectrophotometrically on the inhibitor extractable from 1 ml. aliquots of 
the dialysates. 

Huang and Niemann (11) report no loss in activity of the enzyme upon 
standing in solution at 25° for 24 hours. However, they report the occur- 
rence of autohydrolysis, increasing in degree with enzyme concentration. 
In the present instance it was found that only 70 per cent of the activity 
was retained after 16 hours of rotation of the enzyme solution at 25°. No 
correction for the loss in activity was made, however, because there was no 
a priort reason for assuming that the inactive enzyme would or would not 
bind the inhibitor in a manner and to an extent equivalent to that by the 
active enzyme. It was observed, also, that, after dialysis of the enzyme 
alone and after any traces of protein were removed with trichloroacetic 
acid, a substance was present in the dialysate which gave a positive ninhy- 
drin test and exhibited a maximum absorption at 275 my. Since this would 
interfere with measurement of the optical density due to the a-naphthyl- 
propionic acid present, it was necessary to develop an extraction procedure 
for the a-naphthylpropionic acid and measure its optical density in the 
extracted solution. 

Analytical Procedure for Determining Inhibitor Content in Equilibrium 
Dialysate—To a 1 ml. aliquot of dialysate in a 20 mJ. separatory funnel was 
added enough n HCl to bring the pH of the solution below 1 (determined 
beforehand on a sample of the buffer). The a-naphthylpropionic acid was 
precipitated under these conditions. To this mixture 5 ml. of ethyl acetate — 
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were added and the whole mixture was shaken for 3 minutes. The water 
layer was drawn off, and anhydrous sodium sulfate was added to remove 
any remaining water in the ethyl acetate solution. The optical density of 
this solution was read in a Beckman spectrophotometer at 282 mu. A 
standard curve was obtained by extracting standard aqueous solutions of 
the acid in the same way. The molar extinction coefficient of the a-naph- 
thylpropionic acid was 5.9 X 10° either as free acid in ethy] acetate solution 
or as the anion in a basic aqueous solution. The average residual error in 
the analytical technique was 1 per cent or lower and the accuracy appeared 
to be limited by the reading error on the spectrophotometer. Recovery 


TABLE I 
Equilibrium Dialysis Data on a-Chymotrypsin-a-Naphthylpropionic Acid Systems 
E and J refer to the enzyme and the inhibitor respectively. Volume of enzyme 
solution inside of cellophane sac, 3 ml.; volume of external solution, 3 ml. [£],, [I], 
and [J]; are equilibrium concentrations (moles per liter) of total enzyme, bound 
inhibitor, and free inhibitor inside the sac. AK; = [E];[I];/[EZ|. When n = 1 is 
assumed, [E]y = [EF], — [J], and [EI] = [J]». 


[Ee Tb r ity x< 1072 Kg X 10 
0.96 0.40 | 0.13 0.44 0.14 3.13 2.8 
1.03 0.66 0.22 1.10 0.21 1.94 4.0 
1.10 1.05 0.35 1.75 0.32 1.82 3.7 
1.10 . 0.90 0.30 1.95 0.27 1.40 5.2 
1.07 | 1.68 0.56 3.52 0.52 1.48 3.2 


of a-naphthylpropionic acid by this extraction method from solutions 
of known content was 100 per cent. 

Since the results of the dialysis experiments were calculated from the 
differences between the optical density readings of a control and those of 
the samples, an error of 1 per cent in these data could introduce an error 
as high as 20 per cent in the differences, which were less than 10 per cent 
of the control readings. This accounts for the scatter in the results. 


Results 


Five dialysis-equilibrium experiments at varying total inhibitor concen- 
trations were performed with the small amount (about 0.5 gm.) of purified 
enzyme available. Table I presents the essential data and results of cal- 
culations required for the estimation of the constants of the interaction of 
the enzyme with this inhibitor. Moles of enzyme are calculated on the 
basis of a molecular weight of 27,000, reported by Jansen et al. (12). The 
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use of lower values (average, 21,500) obtained by Schwert and Kaufman 
(13) does not improve the fit of the data. The values of AK; given for the 
individual experiments, while showing considerable variation indicative of 
the magnitude of experimental error inherent in the method, are all of the 
order of magnitude of the value (4.0 K 10-*) of A; obtained by Neurath 
and Gladner (8) from kinetic studies on the same enzyme and inhibitor. 
It should, perhaps, be emphasized at this point that the value of K;,, 
whether calculated as a simple dissociation constant under the assumption 
that n = 1 or, calculated as an intrinsic dissociation constant (2, 3) under 
the assumptions that n > 1 (but identical for every enzyme molecule) and 
that the sites involved are equivalent and independent of one another, will 


w 


06 Fe) 


Fig. 1. r versus r/[I)z relationships according to the mass action equation, r/[J]; = 
(n/K,;) — (r/K,). Lines 1 and 2 represent theoretical curves when K ; equals 4.0 X 10-3 
and n equals | and 2, respectively. The points refer to the data of Table I. 


be the same in either case and therefore does not constitute any basis for a 
choice of the value of n. The average value of K; for the five experi- 
ments is 3.8 107%. 

While the data are not of sufficient precision or number to warrant con- 
sideration of the value of K,; as more than an approximation, they are, 
nevertheless, adequate to yield an unequivocal value for n. This is shown 
strikingly in Fig. 1. Equation 3 can be written in a linear form. 


nr r 

= 
When r/ [J]; is plotted against r, this form of the equation shows most read- 
ily the magnitudes of the extrapolations required to yield K; and n 
(Scatchard (14)). For purposes of comparison with the data of Table I, 
two theoretical curves are plotted in Fig. 1, with the value of K; for this 
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inhibitor-enzyme complex reported by Neurath and Gladner and assuming 
values of n equal to 1 and 2, respectively, in the two curves. The data of 
Table I are shown as points on this graph. They approximate closely the 
theoretical values for the curve where n = 1. Higher values of n are ruled 
out as possibilities. 


SUMMARY 


Application of the mass action law to data obtained from equilibrium- 
dialysis experiments conducted with the enzyme, a-chymotrypsin, and a 
competitive inhibitor, a-naphthylpropionic acid, leads to the conclusion 
that this enzyme possesses only one active catalytic site per molecule. The 
enzyme-inhibitor interaction is characterized by a dissociation constant of 
3.8 X 10-* (average of five determinations), which is in good agreement 
with the value, 4 X 10-*, obtained from kinetic studies by Neurath and 
Gladner (8). The assumption which is usually made in kinetic studies 
that the enzyme has only one active site per molecule, while unnecessary 
for the calculation of the dissociation constant of its interaction with a 
competitive inhibitor, is nevertheless valid for the enzyme, a-chymotrypsin. 
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The hydrolysis of bacitracin has been under study in this laboratory at 
different times and with different preparations during the past few years. 
A report of the experiments has been withheld pending more conclusive 
evidence that the material to be used for the hydrolysis was a single sub- 
stance in the chemical sense. The results reported in two accompanying 
papers dealing with fractionation of bacitracin (1) and molecular weight 
determination by partial substitution (2) now appear to be sufficiently 
clear cut to justify a more complete report on the hydrolysis experiments. 

As reported in an earlier communication (3), bacitracin appears to con- 
tain peptide linkages which are strongly resistant to complete hydrolysis. 
Moreover, colored humin-like material is formed upon hydrolysis, the 
amount depending on the concentration of the peptide initially used. A 
solution of | gm. of peptide in 200 ml. of 6 N HCl appeared to give the 
best result. In earlier studies on less highly purified material, refluxing 
for 42 hours gave lower recoveries by starch chromatography' for most of 
the amino acids but a considerably higher recovery of ammonia than was 
obtained when the duration of hydrolysis was only 18 hours. This indi- 
cated partial destruction of certain of the amino acids by some hydrolytic 
product of the peptide. A 24 hour hydrolysis period at 110° in a sealed 
evacuated tube was finally selected for careful study, however, with the 
expectation that the values for the amino acid residues might prove to be 
somewhat low. 

The most highly purified bacitracin A gave a hydrolysate with practically 
no color under these conditions. The excess of hydrochloric acid was re- 
moved by evaporation under reduced pressure and the residue was dis- 
solved in water. This was the standard solution used for quantitative 
analysis on the ion exchange column. When referred to the weight of 
peptide taken and after correction for the solvent loss on drying at 100° at 
0.2 mm. pressure, the total nitrogen (Kjeldahl) was found to be 15.8 per 
cent. The Van Slyke amino nitrogen was found to be 13.6 per cent and 
the ninhydrin carboxyl nitrogen 12.76 per cent. 

The amino acids were determined quantitatively by the ion exchange 


1 We are indebted to Dr. 8. Moore and Dr. W. H. Stein for these results. 
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technique of Moore and Stein (4) in a volume of the standard hydrolysate ti 
solution which corresponded to 2.7 mg. of bacitracin A, referred to the iI 
0 ti 
b 
0: 
Glu 
0 e 
Cy t 
_ 6 6 100 120 40 160 160 20 220 0 260 280 300 t 
pH 341, 38°, 35cm.Hg >|< 
So. 
© 0: 
3 
50. 
I 
I 
( 
( 
I 
540 560 580 600 620 640 660 680100 720 740760 
pH 83, 26° 6 cm.Hg— pH92, 27°, 6cmHg 
Effluent ml. 
S 04 
f 
S 02 
E 
b 0 2 40 60 60 100 12 140 160 160 20 , 
pH 6.78 6.54 
Effluent m1. 

Fic. 1. Effluent patterns from ion exchange columns. Asp = aspartic acid, Glu = 
glutamic acid, Cy = cystine, iL = isoleucine, L = leucine, gal = phenylalanine, { 
Hist = histidine, Orn = ornithine, Ly = lysine, Me = methionine, Try = trypto- 
phan. I 
dry weight basis. Fig. 1 gives the effluent patterns obtained. The upper 
three parts of Fig. 1 give the result obtained with a Dowex 50 column 100 
em. in length. Since there are three basic amino acids present, a sepa- 
ration was also made on a short column, 15 cm. in length. The result 
from this column is given in the bottom pattern of Fig. 1. The quantita- 
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tive results obtained by integrating the areas under the bands are given 
in Table I. 

Two small unidentified bands were obtained, as shown in Fig. 1, in addi- 
tion to the ten bands given in Table I. All those in Table I were identified 
by actual isolation as described below. The two unidentified bands oc- 
curred at positions corresponding to methionine and tryptophan. How- 
ever, neither of these amino acids is involved, as is shown by their failure 
to appear in the isolation experiments. Bacitracin A gave no methoxyl in 
the standard methoxy! determination as methionine was found to do. Ab- 
sorption spectrum measurements in the ultraviolet region made on the 


TABLE I 
Results of Amino Acid Analysis 


6.5 10.8 1.03 
11.4 14.6 1.83 
5.6 8.1 0.89 


* Based on a hypothetical molecular weight of 1411 which will be proposed in a 
forthcoming paper. 


intact peptide were not consistent with the presence of a tryptophan 
residue. 

The recovery of the known residues amounted to only 87.4 per cent of 
the weight of peptide taken. Nitrogen recovery was 90.7 per cent of the 
total nitrogen figure (15.8 per cent). 

The amino acids have all been isolated in crystalline form and identified 
by the methods of classical organic chemistry. For this purpose, a 3 gm. 
sample of a commercial preparation was hydrolyzed. This sample was 
shown by distribution to contain only small amounts of bacitracins E, D, 
and C but to contain about 20 per cent of bacitracin B. Bacitracin B has 
been shown (1) to differ from A by having one additional amino acid. 

After removal of the excess hydrochloric acid by evaporation to dryness, 
the solid residue was distributed in the system 2 per cent aqueous HCl- 
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phenol. Here only 5 ml. of the aqueous phase in each tube were used. 


tic 
The weight pattern obtained after 220 transfers is shown in Fig. 2, a. o4 
Band 1 contained all of the colored humin-like material. It probably 20 
corresponded to one, or perhaps both, of the unknown bands in the ion pe 
exchange separation. The band at first suspected of being tryptophan ra 
a ~~ pr 
04 | liz 
A 
03 
MH no 
"4 | N cr 
01 
1 
0 40 6 10 160 200 240 TI 
08 32 
b | ok 
06 24+ ac 


0.2 08}—}1+— ta 

440 480 520 560 600 640 80 120 160 200 240 260 
ut 

16 16 

08 x in 

220 260 300 340 380 420 80 860 %0 %0 980 100 

Tube No. 
Fig. 2. Distribution patterns for amino acid isolation. @, mg. per ml. of lower = 
phase in patterns 6, c, and d or mg. per ml. of upper phase in patterns a and e; broken di 
lines, calculated curves; X, mg. per ml. of lower phase in pattern a. ty 
fc 
should be in this fraction, but further examination indicated that this was of 
not the case. Band 2 was phenylalanine, which was easily isolated in good ol 
yield by addition of ethyl ether to the system to remove phenol from the th 
aqueous phase. The aqueous solution was then evaporated to dryness tc 
after a final ether extraction. fr 
Band 3 contained a mixture of leucine and isoleucine which was sepa- 

rated by distribution in the system 2-butanol-n-propanol-5 per cent aque- th 


ous ammonium acetate containing 1 per cent NH; in the volume propor- 
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tions 2:1:3, respectively. The ammonium chloride band was removed at 
240 transfers and the distribution was then continued by recycling until 
2037 transfers had been reached. This gave the pattern of Fig. 2, b and 
permitted adequate amounts of both amino acids to be isolated. The sepa- 
ration was confirmed by paper chromatography. 

Band 4 of Fig. 2, a was found to contain the extra amino acid residue 
present in component B of commercial bacitracin. The substance crystal- 
lized when the acid solution was evaporated but was very soluble in water. 
A discussion of its nature must be left for a future communication which 
will deal with the nature of bacitracin B. 

Band 5 proved to be cysteine which could be recovered easily as the 
erystalline hydrochloride. 

Band 6 is a large band containing the basic and acidic amino acids. 
These were recovered and fractionated by distribution in fert-amy1 alcohol- 
5 per cent aqueous HCl. At 1425 transfers the pattern of Fig. 2, ¢ was 
obtained. The higher left-hand band containing all of the basic amino 
acids was removed and the distribution was then continued to 2034 trans- 
fers. The pattern of Fig. 2, d was then obtained. Paper chromatography 
showed the placement given the two theoretical bands to be correct. Glu- 
tamic acid was recovered from the right limb of the band, Tubes 320 to 
340, and aspartic acid from the left, Tubes 255 to 275. 

The basic amino acid mixture from the pattern, Fig. 2, c, was then distrib- 
uted in the original system, 2 per cent HCl-phenol. The phase volumes 
used were 5 ml. and 10 ml., respectively. At 1150 transfers the pattern 
of Fig. 2, e was obtained. The quantitative ninhydrin color development 
in acid solution by the Chinard procedure? for ornithine and the Pauli test 
for histidine confirmed the placing of the three theoretical curves. It was 
then easy to isolate the crystalline amino acid hydrochlorides from the ap- 
propriate cuts from the pattern of Fig. 2, e. 

The left limb of Band 1 contained ammonium chloride, but this did not 
interfere with the crystallization of histidine monohydrochloride monohy- 
drate from the cut of Tubes 870 to 900. Band 3 was higher than the other 
two. This was found to be due to the presence of cystine apparently 
formed by partial oxidation of the cysteine found in Band 5 of the pattern 
of Fig. 2, a. It was removed easily by adjustment of the pH of the aque- 
ous solution with pyridine and filtration. The solution was then concen- 
trated to crystallize the ornithine monohydrochloride. A cut of Tubes 960 
to 990 was used for this purpose. Lysine monohydrochloride was isolated 
from a cut of Tubes 923 to 937. 

Table II gives the analytical data for the crystalline amino acids and 
their optical rotation. In this table data for cystine are reported. The 


? Chinard, F. P., unpublished method. 
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position of Band 5 is that calculated from the partition ratio of cysteine 
hydrochloride, but apparently a certain amount of oxidation to cystine had 
occurred before the crystallization was accomplished, since no precautions 
to prevent this were taken. The residue obtained from evaporation of the 
solutions had stood some time before it was crystallized directly from 
hydrochloric acid. The rotation of the first crop of crystals indicated that 
the substance was mostly cysteine, and a strong nitroprusside test for 
sulfhydryl was obtained. However, the crystals obtained from the mother 
liquors gave the correct analytical data for the dihydrochloride of cystine 
and the rotation was only slightly lower than the value reported in the 


TABLE II 
Analytical Data for Amino Acids Isolated 
Found Calculated 
Optical activity, [al 
c |H|c | H 
Lad 4 degrees degrees 
p-Phenylalanine........... 6.65/65.43/6.71) +34 (in +35.1 
.69/54.93'9 .99 +13 6N HCl) +15.1 
L-Isoleucine............... .99 +34 ( 6° ) +40.6 
L-Cystine-2HCl........... 23 .36/4.61/23.02/4.51) —198 ) —214 
p-Glutamic acid-HCl...... | — 30 
pL-Aspartie acid-HCl...... 28 .43/4.62 28 .30/4.72 0.00 (in 1 N HCl) | 
L-Histidine- HCl-monoH.,0O. 34.50 5.7434.40/5.77 +14 +13.8 
L-Lysine-monoHCl....... .|39.40,7.97 39. 40,8. 28 +25 +25.9 
p-Ornithine-monoHCl..... 35.51 7.57 35.607.78, —16 +11.0f 


* Taken from ‘‘Handbook of chemistry and physies,’’ 33rd edition. 
t For L-ornithine-monoHCl; taken from ‘‘The Merck index,’’ 6th edition. 


literature. A small amount of cysteine probably remained with the cys- 
tine. 


All microanalyses reported here were made by Mr. D. Rigakos. We 
wish also to acknowledge the technical assistance of Miss Dorris McNa- 
mara and Miss Elizabeth Jacobs. 


SUMMARY 


The quantitative amino acid composition of bacitracin A has been. de- 
termined by ion exchange chromatography. The results obtained were 
supported by a preparative separation by counter-current distribution of 
all of the amino acids from the hydrolysate of a cruder preparation of the 
antibiotic. Evidence was obtained that a certain amount of destruction 
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of amino acid residues occurred during the hydrolysis. Notwithstanding 
the discrepancy so introduced, the data approximate to single molar ratios 
for each amino acid except aspartic acid and isoleucine which are present 
in twice the molar proportions of the others. Three of the residues, phen- 
ylalanine, glutamic acid, and ornithine, have been found to have the con- 
figuration of the p series. Aspartic acid was found to be racemic. Leu- 
cine, isoleucine, cysteine, histidine, and lysine had the configuration of the 
L series. 
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A CONJUGATE OF a-LIPOIC ACID REQUIRED FOR OXIDATION 
OF PYRUVATE AND a-KETOGLUTARATE BY AN 
ESCHERICHIA COLI MUTANT 


By LESTER J. REED anp BETTY G. DeEBUSK 


(From the Biochemical Institute and the Department of Chemistry, The University of 
Texas, and the Clayton Foundation for Research, Austin, Texas) 


(Received for publication, July 2, 1952) 


a-Lipoic acid is active in catalytic amounts in replacing acetate for 
growth of certain lactic acid bacteria and is required for oxidative decar- 
boxylation of pyruvate by resting cell suspensions of these bacteria (1). 
This catalytic agent possesses the following structure, in which n = 1, 2, 
or 3 (2-4). 


CH:2),— CH—(CH:);_,— COOH 


Q 


It is present in a variety of biological materials in bound condition. 
Acidic or basic hydrolysis releases predominantly a-lipoic acid from the 
bound material, whereas enzymatic hydrolysis liberates ‘““complex’’ forms 
of a-lipoie acid (5, 6). It was anticipated that one or more of such ‘“‘com- 
plexes”? might be related structurally to a coenzyme form of a-lipoic acid. 

The present investigation of these complex forms was directed first to- 
ward obtaining an organism which required a conjugate of a-lipoic acid for 
growth. This requirement was exhibited by a mutant strain of Escherichia 
coli, developed by irradiating wild type cells and isolating the mutant, by 
means of the penicillin technique. A study of the metabolism of the 
mutant revealed that the conjugate is required for oxidation of pyruvate 
and a-ketoglutarate. 


EXPERIMENTAL 


Development and Isolation of Mutant—The procedure employed is essen- 
tially that described by Davis (7). A 24 hour culture of wild type Escher- 
ichia coli,! grown in salts-glucose medium? at 37°, was irradiated for 55 
seconds at a distance of 50 cm. from a Hanovia 2537 mercury vapor tube 
operating at 7500 volts and 120 ma. The irradiated cells were transferred 


1 Strain B obtained from the collection of the Department of Bacteriology, The 
University of Texas. 

2 Contains glucose (20 gm.), NH,Cl (10 gm.), Na.SO, (10 gm.), K2HPO,-3H,0 (10 
gm.), MgSO,-7H20 (0.8 gm.), Fe(NH,)2(SO,)2 (0.2 gm.), distilled water to make 1 
liter. 
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to an enriched medium? and incubated for 18 hours. The cells were washed 
and an inoculum introduced into minimal medium lacking nitrogen. After 
6 hours incubation, ammonium chloride and penicillin were added and the 
culture was incubated an additional 18 hours. Suitable dilutions were 
then plated on minimal agar medium supplemented with a small amount of 
yeast extract (1 y per ml.). A mutant strain was obtained which did not 
grow on minimal medium unless supplemented with small amounts of yeast 
extract (Fig. 1). 

Testing Procedure—Growth response of the mutant was determined, un- 
less otherwise specified, in a liquid medium. The assay tubes contained 
5 ml. of minimal medium and 5 ml. of distilled water containing the sample 
to be tested. The tubes were capped and autoclaved at 120° for 10 min- 
utes. A 4 hour culture of the mutant, grown in enriched medium, was 
washed, suspended, and diluted in 0.9 per cent saline, and 1 drop of a 
barely visible suspension was used to inoculate each assay tube. The tubes 
were incubated at 37° for 15 to 16 hours. Growth response was followed 
turbidimetrically (8). 

Nature of Yeast Extract Requirement—The low level at which the mutant 
responds to yeast extract suggested that a catalytic factor was involved. 
Accordingly, the growth response of the mutant to various known vitamins 
and growth factors was determined. The following substances were inac- 
tive, either separately or combined, at the levels indicated: vitamin By 
(0.01 y), biotin (0.01 vy), a-lipoie acid (0.01 y), folinie acid (0.015 y), folic 
acid (0.1 vy), thiamine (2 y), pantothenic acid (2 y), riboflavin (2 y), nico- 
tinic acid (10 y), pyridoxine (10 ), inositol (10 ~), LBF concentrate? (8 
units), coenzyme A preparation® (4 units). 

In view of the inactivity of these vitamins and growth factors, yeast 
extract was subjected to a chromatographic analysis by means of bioauto- 
graphs, according to procedures described previously for the detection of 
acetate-replacing factors® with Streptococcus lactis (5). Agar plates pre- 
pared from minimal medium were seeded with a washed suspension of a 4 
hour culture of the mutant grown in enriched medium. Paper chromato- 
grams were placed on the seeded plates for 20 minutes, removed, and the 


’ Contains 1 per cent tryptone, 1 per cent yeast extract (Difco), 0.5 per cent 
K.HPO, and 0.1 per cent glucose. 

* Lactobacillus bulgaricus factor concentrate; kindly supplied by Mr. R. A. 
McRorie of this laboratory, 2750 units per mg. 

§ Kindly supplied by Dr. Fritz Lipmann, 20 units per mg. 

6 The terms acetate-replacing factor and pyruvate oxidation factor were used 
originally to denote a biological activity which is now known to be due to a group of 
chemically related factors (1). One of these, a-lipoic acid, can replace the activity 
of the others for certain lactic acid bacteria. In this paper it has been found con- 
venient to use the older terminology on occasion. 
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plates were incubated at 37° for 12 to 16 hours. Zones of growth in the 
agar were noted. 

Bioautographs of yeast extract (Fig. 2) revealed the presence of a single 
active principle which migrates to the same position on paper chromato- 
grams, with two different solvent systems, as one of the acetate-replacing 
factors active for S. lactis. Moreover, this active substance, eluted from 
paper chromatograms, possesses pyruvate oxidation factor activity for rest- 
ing cell suspensions of Streptococcus faecalis (9). 

Acid hydrolysis’ of yeast extract destroyed 80 to 90 per cent of its 
growth-promoting activity for the mutant. Such treatment has been 
shown previously to result in disappearance of the acetate-replacing factor 
possessing an Ry value 0.06 without decreasing the total acetate-replacing 
factor activity of yeast extract (5). 


T 


lo 20 30 40 60 
YEAST EXTRACT, Y PER 10 ML. OF MEDIUM 


Fic. 1. Response of the FE. colt mutant to Difco yeast extract 


Studies with liver extracts confirmed and extended the results obtained 
with yeast extract. Thus, Reticulogen® can replace yeast extract, promot- 
ing maximal growth of the mutant at a level of 8 mg. of solids per tube. 
Bioautographs of Reticulogen, with both S. lactis and the mutant, were 
similar in appearance to those obtained with yeast extract (Fig. 2). A 
major portion (80 to 90 per cent) of the growth-promoting activity of 
Reticulogen was destroyed by acid hydrolysis. 

An investigation of the liberation of the active principle from fresh liver 
indicates (Table I) the presence of a bound form in liver. Maximal release 
of the active principle is effected by 6 hours incubation in the presence of 
enzymes. Prolonged treatment with enzymes results in disappearance of 
the activity. It has been shown previously (5) that such treatment of 
liver results in increased production of a-lipoic acid. Moreover, acid hy- 
drolysis of liver is an effective procedure for releasing a-lipoic acid. 


7 Autoclaved 3 hours at 120° with 6 N sulfuric acid. 
8’ Antipernicious anemia liver extract obtained from Eli Lilly and Company. 
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These observations indicate that the principle required for growth of the 
mutant is a conjugate of a-lipoic acid and an unknown moiety,’ which is 
hydrolyzed by enzymes or acid. That the mutant can synthesize a-lipoic 
acid was indicated by the observation that cells grown in the absence of the 
conjugate, as described below, excreted into the medium a principle active 


= 


®© 


A B C D 


Fig. 2. Composite diagram of bioautographs of chromatographed samples of Difco 
yeast extract (250 y) prepared with S. lactis (A and C) and the E. coli mutant (B and 
D). A and B are representative of bioautographs prepared with n-butanol-water 
as the solvent system; C and D with 2,6-lutidine-water (65:35) as the solvent system. 
Rr values of active zones are given within the zone area. The factor possessing an 
Ry value 0.90 in the first solvent system and 0.85 in the second is a-lipoic acid. The 
factor with Ry values 0.60 and 0.65 is B-lipoic acid, an oxidized form of a-lipoic acid 
(probably a sulfoxide) (2). 


for growth of S. lactis in the absence of acetate and possessing migration 
characteristics on paper identical with those of a-lipoic acid. 
Characterization of Blocked Reactions-—Since the conjugate is active as an 
acetate-replacing and pyruvate oxidation factor, it might be expected that 
acetate should partially or completely replace the conjugate for growth of 
the mutant. A comparison of Curves A and B, Fig. 3, reveals that acetate 
exerts a sparing action on the requirement for yeast extract. This partial 


* It is shown in the following paper (10) that this moiety is thiamine. 


in 


re 
re 
vl 
A 
| 
XUM 


XUM 


L. J. REED AND B. G. DEBUSK 877 


replacement indicates that the conversion of pyruvate to acetate is a limit- 
ing reaction in the mutant, but also implies one or more additional blocked 
reactions. This interpretation was borne out by the observation that 
vitamin-free acid-hydrolyzed casein (11) can completely replace the re- 


TaBLeE 
Liberation of Active Principle from Calf Liver 


Treatment | Activity* 


* Activity is expressed in terms of yeast extract equivalents per mg. of sample, 
1 mg. of yeast extract being assigned an activity of 1.0. 
+ Autoclaved 3 hours at 120° with 6 N sulfuric acid. 


ACID-HYDROLYZED CASEIN, 
MG. PER IO ML. OF MEDIUM 
20 40 60 80 _ 100 


L L L i 


0 io 20 30 Oo 8650 
YEAST EXTRACT, Y PER ML. OF MEDIUM 


Fic. 3. Response of the EZ. coli mutant to yeast extract in the presence (Curve A) 
and absence (Curve B) of 2 mg. of sodium acetate per 10 ml. of growth medium and 
to acid-hydrolyzed casein (Curve C). 
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quirement for the conjugate, as shown in Fig. 3 (Curve C). Evidently, 
the casein hydrolysate furnishes products of the blocked reactions, thereby 


Taste II 
_ Response of Escherichia coli Mutant to Products of Blocked Reactions 
| Galvanometer reading 
Metabolites 

O.1 mg. 1 mg. 2 mg. | S mg. 
| & | 1 | 32 «(32 
- + sodium bicarbonate + acetate....... | 5 | 14 | 25 31 | 32 
Succinate + butyrate........................ 32 32 
Sodium bicarbonate + butyrate... | 5 | 17 | 2% my 32 


* The first metabolite in this and the following tests is present at a level of 2 mg. 
per 10 ml. of growth medium. The other metabolites are present at the levels indi- 
cated. 


Stimulation of Pyruvate and a-Ketoglutarate Oxidation by Conjugate 


Per Warburg cup, 2.2 mg. of cells (dry weight), 2 ml. of 0.067 m phosphate buffer, 
pH 7.0; additions as indicated. Side arm, 0.5 ml. of 0.1 mM pyruvate or a-ketoglu- 
tarate or buffer. Atmosphere, air; temperature, 37°. 


| Qos 

+ Reticulogen, 4 mg....................... 125 
+ Reticulogen,4 mg............ 70 


eliminating the requirement for the conjugate, which is necessary for these 
reactions. 

It was suspected that the metabolism of another a-keto acid, namely 
a-ketoglutaric acid, might also be blocked in the mutant. If such were the 
case, supplying the mutant with the products of the oxidation of pyruvate 
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and a-ketoglutarate should eliminate the growth requirement for the con- 
jugate. This hypothesis is confirmed by the data presented in Table II. 
Furnishing the mutant with an adequate source of ‘‘active acetate” and of 
a C,-dicarboxylic acid completely by-passes the growth requirement for 
the conjugate. That the conjugate is required for oxidation of pyruvate 
and of a-ketoglutarate was further demonstrated by experiments with 
resting cell suspensions of the mutant, as illustrated in TableIII. The cells 
were obtained by inoculating minimal medium containing 1 per cent acid- 
hydrolyzed vitamin-free casein with a 4 hour culture grown in enriched 


GLUCOSE 

FATTY ACIDS = "ACTIVE ACETATE” 
OXALACETATE 

CITRATE 
SUCCINATE 
OKALOBUCONATE 
o-KETOGLUTARATE 


Fic. 4. Scheme illustrating metabolic relationships observed with the EZ. coli 
mutant. The sites of blocked reactions, in which the conjugate of a-lipoie acid func- 
tions, are indicated by blocked arrows. 


medium. After 16 hours incubation at 37° the cells were harvested, washed 
with 0.067 m phosphate buffer, pH 7.0, and resuspended in the same buffer. 


DISCUSSION 


The scheme presented in Fig. 4 illustrates the metabolic pathways in the 
E. coli mutant which are affected by the a-lipoie acid conjugate. Supply- 
ing the mutant with both an adequate source of ‘‘active acetate” and of a 
C,-dicarboxylic acid eliminates the growth requirement for the conjugate. 
Butyrate apparently fulfils the first requirement, as does acetate under 
certain conditions. Succinate or pyruvate + carbon dioxide fulfils the 
second requirement. That acetate + a C,-dicarboxylic acid is inactive 
implies that the conversion of acetate to ‘‘active acetate” is a limiting step 
under these conditions. That this conversion does occur is shown by the 
fact that, whereas citrate + a C,-dicarboxylic acid is inactive, supplying 
the mutant with acetate in addition to these two metabolites results in 
maximal growth. | 
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SUMMARY 


A mutant strain of Escherichia coli, developed by ultraviolet irradiation 
of wild type cells followed by isolation by the penicillin technique, exhibits 
a growth requirement for a conjugate of a-lipoic acid. 

This conjugate is necessary for oxidation of pyruvate and a-ketoglu- 
tarate. Thus, supplying the mutant with the products of these two 
blocked reactions, 7.e. a source of ‘‘active acetate” and of a C,4-dicarboxylic 
acid, completely by-passes the growth requirement for the conjugate. Fur- 
thermore, cell suspensions are unable to oxidize pyruvate or a-ketoglutarate 
unless the conjugate is present. 


The authors are indebted to Dr. Robert E. Eakin of this laboratory for 
invaluable advice during the course of this investigation. 
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CHEMICAL NATURE OF AN a-LIPOIC ACID CONJUGATE RE- 
QUIRED FOR OXIDATION OF PYRUVATE AND a-KETO- 
GLUTARATE BY AN ESCHERICHIA COLI MUTANT 


By LESTER J. REED ann BETTY G. DeBUSK 


(From the Biochemical Institute and the Department of Chemistry, The University of 
Texas, and the Clayton Foundation for Research, Austin, Texas) 


(Received for publication, July 2, 1952) 


Studies with a mutant strain of Escherichia coli revealed a growth re- 
quirement for a conjugate of a-lipoic acid. In the absence of this conjugate 
the mutant is unable to oxidize pyruvate and a-ketoglutarate (1). Bio- 
logical and chemical evidence is presented in the present communication 
which indicates that the conjugate is the amide of a-lipoic acid and thia- 
mine. This active principle has been named lipothiamide (2). 


EXPERIMENTAL 


Testing Procedure—The media and procedures used with the Escherichia 
coli mutant, Streptococcus lactis, and Streptococcus faecalis have been de- 
scribed previously (1, 3, 4). 

Nature of Moiety Combined with a-Lipoic Acid in Conjugate—a-Lipoic 
acid is required for conversion of pyruvate to acetate by resting cell sus- 
pensions of certain lactic acid bacteria (5). The growth requirement for 
a-lipoic acid can be by-passed completely in these organisms by supplying 
them with acetate. It was anticipated that thiamine, which is required 
for metabolism of a-keto acids, might also be replaced by acetate in the 
nutrition of these bacteria. The results of growth studies with S. lactis 
confirmed this hypothesis, as shown in Fig. 1. Both a-lipoic acid and 
thiamine are necessary for growth in the absence of acetate. These obser- 
vations indicate an intimate relationship between the requirement of S. 
lactis for a-lipoic acid and thiamine and the ability of the organism to 
produce acetate from pyruvate. 

The nature of this relationship was indicated by bioautographic studies. 
The bioautographs were prepared as described previously (3). Fig. 2 shows 
that in an acetate-free medium containing thiamine, but not a-lipoic acid, 
S. lactis responds to all of the acetate-replacing factors shown previously to 
be present in yeast extract (3). In the absence of thiamine the organism 
responds to only one of these factors, whether or not a-lipoic acid is present. 
This factor possesses migration characteristics on paper chromatograms 
identical with those of the a-lipoic acid conjugate required for growth of 
the EF. coli mutant (1). These observations suggest that the conjugate 
contains a-lipoic acid and thiamine. 
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Biosynthesis of Active Material from a-Lipotc Acid and Thiamine-—A 14 
hour culture of S. lactis, grown in a medium containing acetate but no 
a-lipoic acid or thiamine, was washed and suspended in water or 0.05 m 
phosphate buffer, pH 6.5. Aliquots (2.5 ml.) containing 2 mg. of cells 
(dry. weight) were incubated with 10 y of thiamine and 10 y of a-lipoic 
acid, separately and together, for 1 hour at 30°. The cells were then 
removed by centrifugation and the supernatant solution was assayed with 


Y*10°* OF ax-LIPOIC ACID 
PER 10 ML. OF MEDIUM 
6) | 2 3 4 5 


0 | 2 3 4 5 
MG. OF SODIUM ACETATE 
PER IO ML. OF MEDIUM 
Fic. 1. Response of S. lactis to a-lipoic acid, thiamine, and acetate. Curve A 
represents the response to acetate in the absence of a-lipoic acid and thiamine; Curve 
B to a-lipoic acid in the absence of acetate and thiamine; Curve C to a-lipoic acid 
in the absence of acetate and presence of 0.2 y of thiamine per 10 ml. of medium. 


the E. coli mutant. In the absence of either a-lipoic acid or thiamine the 
solution showed no growth-promoting activity for the mutant. However, 
when both of these catalytic agents were incubated with S. lactis, the 
supernatant solution produced maximal growth of the mutant at a level of 
0.001 y per ml. of culture medium, based on the amount of a-lipoic acid 
used.! Similar results were obtained with wild type EZ. coli and with S. 
faecalis. 

Bioautographs of these supernatant solutions revealed the presence of 
two principles active for growth of the mutant, as shown in Fig. 3. The 


1 It has been shown previously (1) that a mixture of a-lipoic acid (0.01 y) and 
thiamine (2 7) does not support growth of the mutant. 
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faster moving principle (Conjugate 1) possesses migration characteristics 
identical with those of the a-lipoic acid conjugate present in yeast extract 
(Fig. 2). The Rr value of the slower moving principle (Conjugate 2) was 


B C D A B C 
Fic. 2 Fia. 3 


Fic. 2. Diagram of bioautographs of Difco yeast extract (250 y) obtained with 
S. lactis on an acetate-free medium containing thiamine but not a-lipoie acid (A and 
C(), and containing no thiamine or a-lipoic acid (B and D). The appearance of B 
and D was not altered when a-lipoic acid was included in the medium. n-Butanol- 
water was used as the solvent system in preparing bioautographs A and B; 2,6- 
lutidine-water (65:35) with Cand D. Rp values of active zones are given within the 
zone area. 

Fig. 3. Diagram of bioautographs of biosynthetic preparations produced from 
a-lipoic acid and thiamine. £. coli mutant used to develop the paper chromato- 
grams. A is representative of bioautographs of the supernatant solution from in- 
cubation of @-lipoic acid and thiamine with S. lactis; B with wild type E. coli; C 
with S. faecalis. Approximately 0.01 ml. of supernatant solution was used in prepar- 
ing the bioautographs with 2,6-lutidine-water as the solvent system. 


O® 


changed to 0.0 when the sample was made alkaline with sodium bicarbonate 
before preparing paper chromatograms, suggesting the presence of an acidic 
group. Under these conditions the Ry value of Conjugate 1 was un- 


changed. 
Preliminary studies of the release from yeast of material active for growth 
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of the mutant revealed that these same two conjugates could be obtained 
by extracting acetone-dried Fleischmann’s yeast with phosphate buffer, 
pH 5.0, at room temperature. 

Nature of Linkage between a-Lipoic Acid and Thiamine in Conjugates— 
Evidence as to the nature of this linkage was obtained by testing the 
biosynthetic conjugates with reagents which have been shown to distin- 
guish between thiamine and its analogues. Thus, it has been reported 
that “it seems as though any thiazolium salt containing a 5-8-hydroxy- 
ethyl group and a free 2-position will give a positive azo-test. The thio- 
chrome test will give a positive result with any 3-(pyrimidyl-5’-methy])- 
thiazolium salt with a free 2-position and a 4’-amino group” (6). Modifi- 
cations of these tests have been employed extensively in this laboratory in 
connection with studies of individual metabolic patterns by means of paper 
chromatographic methods (7). 


TABLE 
Paper Chromatographic Behavior of Biosynthetic Preparations 


RF values 
Solvent system | ‘ i 
n-Butanol-ethanol-ammonia (80:20:20)......... 0.63 | 0.21 | 0.09 | 0.65 
n-Butanol-acetic acid-water (80:10:20)......... 0.55 0.36 0.10 0.93 
n-Butanol-ethanol-water (80:20:20)............ 0.32 0.41 | 0.08 | 0.94 


In order to insure that the interpretation of results obtained with paper 
chromatograms of biosynthetic preparations was reliable, it was necessary 
to use solvent systems, in preparing the chromatograms, which would result 
in a Satisfactory separation of thiamine, the conjugates, and a-lipoic acid. 
Many solvent systems were evaluated from this standpoint, in which the 
bioautographic procedure was employed to locate the conjugates and a- 
lipoic acid on paper chromatograms and a modification of the thiochrome 
test (7) to locate thiamine. Several solvent systems were found to effect 
a satisfactory separation of the substances under investigation, as shown 
in Table I. 

Biosynthetic preparations of the conjugates were chromatographed on 
paper? with the solvent systems specified above. Individual chromato- 
grams were sprayed with the reagents used in the modified thiochrome and 
azo tests (7) and also with a solution containing 2 per cent sodium nitro- 
prusside and 5 per cent sodium cyanide. The latter reagent was used to 


2 Samples were used which contained 1000 times as much of the active principles 
as was required to produce well defined zones of growth on bioautographs. 
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detect a disulfide linkage. Neither of the conjugates gave a positive thio- 
chrome test, whereas an immediate fluorescent zone appeared with less 
than 1 y of thiamine. Faint fluorescent zones did appear at positions 
corresponding to zones of growth due to the conjugates when the sprayed 
chromatograms were allowed to stand for 30 minutes. Both conjugates as 
well as thiamine gave a positive azo test. Pink zones appeared at positions 
corresponding to a-lipoic acid and both conjugates when the chromato- 
grams were sprayed with the sodium cyanide-sodium nitroprusside reagent. 

These results are interpreted as indicating the presence of an amide 
linkage between the 4’-amino group of thiamine and the carboxyl group of 
a-lipoic acid in the conjugates. Since the reagent employed in the thio- 


TaBLeE II 
Biological Activity of Synthetic Preparations 


Activity of RF valuet of 


Reactants mixture* active principle 
a-Lipoic acid + 7.8 X 10-5 0.52 
a-Lipoyl chloride + 10-8 0.52 
a-Lipoyl chloride + thiamine monophosphate......... ih Se 0.25 
+ pyrophosphate.......... 2.5 0.10 


* Expressed as micrograms of solids required per ml. of culture medium to produce 
maximal growth of the mutant. These weights are based on the combined weights 


of the reactants employed. 
t With 2,6-lutidine-water as the solvent system and the mutant as the test organ- 


ism. 


chrome test is strongly alkaline, hydrolysis of the amide linkage would be 
expected on standing, thereby releasing thiamine which would produce a 
fluorescent spot. 

Chemical Synthesis Studies—The tentative conclusions as to the structure 
of the conjugates are supported by the results of chemical synthesis studies. 
Synthetic experiments were of necessity limited in scope owing to the 
scarcity of purified a-lipoic acid. Many small scale experiments were per- 
formed with a concentrate of a-lipoic acid, approximately 50 per cent pure. 
Synthetic preparations of lipothiamide which promote growth of the mu- 
tant in catalytic amounts (Table II) have been obtained by the following 
procedures. (a) A solution of 3.37 mg. of thiamine hydrochloride in 0.2 
ml. of water was treated with 1.16 mg. of silver oxide. The silver chloride 
formed was removed by centrifugation and the aqueous solution evaporated 
in vacuo over calcium chloride. To the amorphous residue were added 
444 y of 50 per cent pure a-lipoic acid. The mixture was dissolved in 0.2 
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ml. of methanol and the solvent then removed in vacuo. The residue was 
heated at 130° for 4 hours in vacuo (1 mm.). (6b) To 1 mg. of the a-lipoic 
acid concentrate in a small tube was added 0.02 ml. of oxalyl chloride? 
The tube was sealed and heated at 60-—70° for 90 minutes. At the end of 
this time the tube was opened and unchanged oxalyl chloride removed in 
vacuo. The residue, containing presumably the acid chloride of a-lipoic 
acid, was added to a solution of thiamine, prepared from 1.68 mg. of 
thiamine hydrochloride as described above, in a few drops of formamide: 
The reaction mixture was allowed to stand at room temperature for 3 days. 


TABLE III 
Stimulation of Pyruvate and a-Ketoglutarate Oxidation by E. coli Mutant with Synthetic 
Preparation of Lipothiamide 
Per Warburg cup, 2.2 mg. of cells* (dry weight), 2 ml. of 0.067 m phosphate buffer, 
pH 7.0; additions as indicated. Side arm, 0.5 ml. of 0.1 M pyruvate or a-ketogluta- 
rate or buffer. Atmosphere, air; temperature, 37°. 


Qo2 

4g + a-lipoic acid (0.5 y) + thiamine (10 y)........... 12 

+ synthetic preparationf (7.8 y).................... 195 
- + a-lipoic acid (0.5 y) + thiamine (10 y)..... 2 

+ synthetic preparationt (7.8 y)............. 120 


* The cells were grown on a salts-glucose medium containing 1 per cent acid- 
hydrolyzed casein, as described previously (1). 
+ Prepared according to method (a) in the text. 


In a similar manner, preparations active in catalytic amounts for the 
mutant (Table II) have been obtained by condensing the acid chloride of 
a-lipoic acid (from 1 mg. of concentrate) with 2-methyl-5-ethoxymethyl-6- 
aminopyrimidine*® (1.67 mg.), thiamine monophosphate’ (1.9 mg.), and 
thiamine pyrophosphate’ (2.3 mg.), respectively. Only the reaction mix- 
tures, not the reactants themselves, promoted growth of the mutant. 

That the reaction mixture prepared from a-lipoyl chloride and 2-methy]- 
5-ethoxymethyl-6-aminopyrimidine was biologically active indicates that 
the mutant can synthesize the thiazole moiety of thiamine and can conju- 


3 Formamide and oxaly! chloride were obtained from the Eastman Kodak Com- 
pany; 2-methyl-5-ethoxymethyl-6-aminopyrimidine from the Research Corporation; 
thiamine pyrophosphate from Merck and Company, Inc.; intestinal phosphatase 
from the Armour Laboratories. 

* Prepared by acid hydrolysis of thiamine pyrophosphate according to the direc- 
tions of Karrer and Viscontini (8). 
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gate this moiety with the pyrimidine moiety of lipothiamide. The struc- 
tural feature common to each of the substances with which a-lipoic acid or 
its acid chloride was allowed to react is the pyrimidine moiety, with an 
intact 6-amino group. This fact strongly suggests that the active princi- 
ples in the synthetic preparations are amides. 

The active principles in the chemical preparations of lipothiamide and 
its monophosphate exhibited all of the properties, as described above, of 
the two active principles produced biosynthetically. Furthermore, treat- 
ment of synthetic preparations of lipothiamide monophosphate and pyro- 
phosphate with intestinal phosphatase,’ according to the directions of 
Novelli et al. (9), resulted in formation of lipothiamide, as revealed with 
bioautographs. 

Synthetic preparations of lipothiamide stimulated markedly the rate of 
oxidation of pyruvate and a-ketoglutarate by cell suspensions of the mutant 
(Table III), as had been observed previously with liver extract (1). 


DISCUSSION 


On the basis of the biological and chemical evidence presented in this 
paper, the accompanying structure is proposed for lipothiamide (X = H). 


N H O S- S 
H;C—C CH—(CH2),— CH 
CH—S 
N C—CH.—N 
C 
H | 
Cl- CH; CH:—CH,—OX 
In hpothiamide monophosphate and pyrophosphate, 
O O O 
T T T 
| 
OH OH OH 


respectively. 

The induced mutation in wild type Z. coli apparently destroys the ca- 
pacity of the organism to conjugate a-lipoic acid and the pyrimidine moiety 
of thiamine, resulting in a deficiency of an a-keto acid cooxidase required 
for the oxidative decarboxylation of a-keto acids. That this cooxidase is 
lipothiamide pyrophosphate is indicated by recent studies in this laboratory 
with soluble enzyme preparations from the mutant (10). 
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SUMMARY 


Studies with Streptococcus lactis revealed that both a-lipoic acid and thi- 
amine are required for growth in the absence of acetate, on an otherwise 
adequate medium. When all three substances or thiamine and acetate are 
absent, the organism responds to the a-lipoic acid conjugate required for 
growth of the Escherichia coli mutant. 

Incubation of resting cell suspensions of S. lactis, Streptococcus faecalis, 
or wild type E. colt with a mixture of a-lipoic acid and thiamine resulted in 
formation of the conjugate and also a second active principle, as revealed 
with bioautographs. Both biosynthetic conjugates gave a negative thio- 
chrome test and a positive azo test, suggesting that they contain a-lipoic 
acid and thiamine conjugated through an amide linkage. 

Synthetic preparations which are active in catalytic amounts for growth 
of the mutant have been obtained by condensing a-lipoic acid or its acid 
chloride with thiamine, 2-methyl-5-ethoxymethy]-6-aminopyrimidine, thi- 
amine monophosphate, and thiamine pyrophosphate, respectively. 

Synthetic lipothiamide and its monophosphate appear to be identical 
with the two active principles produced biosynthetically. 

Synthetic preparations of lipothiamide stimulate the rate of oxidation of 
pyruvate and a-ketoglutarate by resting cell suspensions of the mutant. 

The site of the genetic block in the mutant is in the conjugation of 
a-lipoic acid and the pyrimidine moiety of thiamine. This block results in 
a deficiency of an a-keto acid cooxidase, containing the lipothiamide moi- 
ety, required for oxidative decarboxylation of a-keto acids. 


BIBLIOGRAPHY 


1. Reed, L. J., and DeBusk, B. G., J. Biol. Chem., 199, 873 (1952). 
2. Reed, L. J., and DeBusk, B. G., J. Am. Chem. Soc., 74, 3457 (1952). 
3. Reed, L. J., DeBusk, B. G., Johnston, P. M., and Getzendaner, M. E., J. Biol. 
Chem., 192, 851 (1951). 
4. Gunsalus, I. C., Dolin, M. I., and Struglia, L., J. Biol. Chem., 194, 849 (1952). 
5. Reed, L. J., DeBusk, B. G., Gunsalus, I. C., and Hornberger, C.S., Jr., Science, 
114, 93 (1951). 
6. Bergel, F., and Todd, A. R., J. Chem. Soc., 1504 (1937). 
7. Berry, H. K., Sutton, H. E., Cain, L., and Berry, J. S., in Univ. Texas Pub., No. 
5109 (1951). 
8. Karrer, P., and Viscontini, M., Helv. chim. acta, 29, 711 (1946). 
9. Novelli, G. D., Kaplan, N. O., and Lipmann, F., J. Biol. Chem., 177, 97 (1949). 
10. Reed, L. J., and DeBusk, B. G., J. Am. Chem. Soc., 74, 3964 (1952). 


THE INTERACTION OF CHLOROQUINE WITH THE ALBUMIN 
OF BOVINE PLASMA* 


By FRANK S. PARKER anp J. LOGAN IRVING 


(From the Department of Physiological Chemistry, The Johns Hopkins University, 
School of Medicine, Baltimore, Maryland) 


(Received for publication, July 11, 1952) 


In a previous study (1), the interaction of a 9-aminoacridine antimalarial 
with plasma proteins was evaluated by spectrophotometry. In the present 
paper the results are given of similar measurements with the antimalarial, 
chloroquine quinoline). 
These investigations provide practical examples of the general topic of the 
preferential interaction of a protein with conjugate pairs of molecules or 
ions, which was treated from a theoretical standpoint in the preceding 
paper (1). In relation to chemotherapeutics, contributions are made to an 
understanding of one of the factors which are concerned in the distribution 
of chloroquine between plasma and various tissues. Of broader interest 
are the implications with respect to coenzyme-protein interactions and the 
protein error of indicators. 


EXPERIMENTAL 


In aqueous solutions, chloroquine can accept 2 protons to form a doubly 
charged cationic species which will be symbolized as *HB-B’H?*, in which 
B and B’ represent the ring nitrogen and the diethylamino nitrogen atom, 
respectively. These protons dissociate in steps to yield the species B-B’H* 
and B-B’. The process for the first step is 

+HB-B’H* = B-B’H* + Ht (A) 

The apparent ionization exponent (pK’,) for Process A has been evaluated 

(2) spectrophotometrically at ionic strength 0.1 and 30° by the following 

equation for the conditions of constant total concentration of chloroquine 

and constant length of light path through the solution 
D, — D 


(1) 


pH = pK’, + log 


* Aided by grants from the Penrose Fund of the American Philosophical Society 
and from the Permanent Science Fund of the American Academy of Arts and Sciences. 

¢ Submitted by Frank S. Parker to the Board of University Studies of The Johns 
Hopkins University in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy, 1950. Present address, Department of Biology, Bryn Mawr College, 
Bryn Mawr, Pennsylvania. 

t Present address, Department of Biological Chemistry and Nutrition, School of 
Medicine, University of North Carolina, Chapel Hill, North Carolina. 
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in which D,, De, and D are, respectively, the optical densities at a fixed 
wave-length when the chloroquine is in the form of the species *+HB-B’Ht, 
B-B’H?*, and a mixture of the two species. For the purposes of the present 
investigation, it was necessary to know the relationship between pK’, and 
the ionic strength. The experimental values of pK’, at 30°, determined by 
methods previously described (2), are presented in Fig. 1 for the range of 
ionic strength from 0.01 to 2.25. The apparent ionization exponent, pK’,, 
is related to the true thermodynamic exponent, pK,, by the following 
equation 


ph’, pk, + log (2) 
1 


in which f; and fo are the activity coefficients of the species *HB-B’H* and 
B-B’H?*, respectively. The activity coefficients are evaluated as a function 
of the ionic strength (T'/2) by means of the limiting law of Debye and 
Hiickel (3). For the species *HB-B’H+ and B-B’H* which have charges 
of 2 and 1, respectively, the expression of this law for dilute solutions is 


1.44./T/2 (3) 
1 + 1.30./P/2 


pk’, pk, + 


The experimental values of pK’, in Fig. 1 agree rather well with the the- 
oretical line drawn according to Equation 3 for a value of 7.78 for pK,. 

The dissociation of species B-B’H* to yield B-B’ and Ht has been 
evaluated (2) potentiometrically in terms of an ionization exponent, pK’>. 
From pH 6 to 9 the species *HB-B’H* and B-B’H* predominate, and the 
species *HB-B’ and B-B’ are negligible. As in the case of the 9-amino- 
acridine derivative previously studied (1), the species B-B’H* interacts 
with bovine plasma albumin and the. species *HB-B’H* does not. This 
corresponds to Case 2 of the previous paper (1), and the process is the 
following, in which P represents the protein. 


P + B-B’Ht = P-B-B’H*t (B) 


The equations for the spectrophotometric evaluation of the interaction in 
terms of the first apparent association constant, k’;, are as follows: 


[P.B-B’H*] 
[P] [B-B’H*] 
(D, — D) 
(D — Dz) + k':T(D — D3) 


(4) 


k’ 


(5) 


pH = pK’, + log 


In Equations 4 and 5, D is the optical density, at a fixed wave-length and 
measured value of pH, of a solution containing the protein at a total molar 
concentration, 7’, and containing the ligand (chloroquine) at a constant 
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total molar concentration, S; [P] is the molar concentration of free protein 
at equilibrium, and D,, D2, and D; are the optical densities of the solution 
when the ligand is completely in the form of the species tHB-B’H*, B- 
B/H+, or P- B-B’H+, respectively. Equation 5 is a simplified relationship 
(1) which can be applied when the concentration of free protein at equilib- 
rium is practically equal to the concentration of total protein. 

The bovine plasma albumin used in this investigation was a crystalline 
product obtained from Armour and Company. The data were corrected 
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L 
0.4 16 2.0 
Fia. 1. Effect of ionic strength upon the value of pK’, for chloroquine. The line 
is the theoretical one drawn according to Equation 3 for pK, = 7.78. The points 
are experimental values for pK’,. 


for the moisture content of the albumin determined by drying small samples 
to constant weight at 110°. A value of 69,000 was adopted for the mole- 
cular weight of bovine plasma albumin (4). The sample of chloroquine 
was obtained from Dr. Nathan L. Drake of the University of Maryland. 
The experimental details of the spectrophotometric evaluation of the inter- 
action of chloroquine with bovine albumin were identical with those de- 
scribed in the previous paper (1) on the interaction of a 9-aminoacridine 
with proteins. 


DISCUSSION 


In Fig. 2 are presented the spectrophotometric absorption curves for 
chloroquine at various values of pH and in the presence and absence of 
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povine albumin. Curve | corresponds to the absorption data for chloro- 
quine from pH 1 to 5; namely, for the pH range in which this compound 
exists solely as the species *HB-B’H*. There is no shift in the absorption 
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Fic. 2. Spectrophotometric absorption curves for chloroquine under the following 
conditions: Curve 1, for pH 1 (remains unchanged to pH 5); Curve 2, for pH 10 in 
the absence of albumin; Curve 3, for pH 10 in the presence of bovine plasma albumin 
(4 gm. per 100 ml.). 


curve for this species when bovine albumin is added to the solution at pH 
5. Curve 2 corresponds to absorption by the ionic species! B-B’Ht at pH 


1 At pH 10 the species B-B’H* predominates, but an appreciable fraction of the 
chloroquine is present as the species B-B’. The absorption spectra of the species 
B-B’H* and B-B’ are indistinguishable in the range of the spectrum in which our 
measurements were conducted. Both species can interact with albumin. How- 
ever, the measurements summarized in Fig. 3 were conducted in the pH range (6.5 
to 9) in which the species B-B’ was negligible, and k’,; refers to the interaction of the 
species B-B’H* with the protein. 
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10. Curve 3 is a record of the absorption by chloroquine at pH 10 in the 
presence of an excess of bovine albumin such that further addition of 
albumin causes no further shift in the absorption spectrum. This shift in 
the absorption spectrum suggests interaction between the species B-B’H+t 
and albumin, and the resulting curve is assumed to be due to absorption by 
the species P-B-B’H+. At pH 6.5 to 9.5 both species tHB-B’H* and 
B-B’H* are present, and the absorption curves in the absence of protein 
correspond to those which would be expected of such mixtures of species 
(2). In this intermediate range of pH when albumin is present, there is a 
shift of the absorption spectrum in the direction of the absorption charac- 
teristic of the species P -B-B’H*. 

The first association constant, k’;, was evaluated by Equation 5 from 
data for the optical densities (at wave-lengths 330, 336, and 343 my) of a 
series of solutions of chloroquine and albumin of constant total concentra- 
tions and for pH values ranging from 6.5 to 9. Typical data at one 
wave-length are presented in Fig. 3 for the conditions of 30° and ionic 
strength 1.66. The measurements were made at this relatively large value 
of ionic strength for the following reasons: (1) in order to minimize the 
uncertainty regarding the exact value of the contribution of the protein to 
the total ionic strength of the solution, and (2) because the change in 
pK’, with ionic strength is less at high values of ionic strength (Fig. 1). 

In Fig. 3, the theoretical curve (No. 1) drawn according to Equation 5 
conforms well to the data for optical density versus pH. This agreement 
between the experimental data and the theoretical formulation provides 
evidence for the validity of the assumption that the species B-B’H* rather 
than the species *HB-B’H* interacts with bovine albumin and that the 
strength of the interaction remains unchanged throughout the pH range 
examined. An average value of 3.72 for log k’; for chloroquine versus 
bovine albumin at ionic strength 1.66 and 30° was calculated from two 
series of measurements such as those recorded in Fig. 3. In both series 
the calculations of log k’; were made from optical density values at three 
wave-lengths. 

Curve 2 of Fig. 3 corresponds to the curve for the change of optical den- 
sity versus pH for chloroquine in the absence of protein. This change in 
optical density has been shown (2) to be the result of the dissociation of a 
proton from the species *HB-B’H* to yield B-B’Ht. The marked shift 
in the curve when albumin is present provides evidence for a competition 
between the hydrogen ion and the protein molecule for combination with 
the species B-B’H+. The relationship of this phenomenon to the subject 
of the protein error of indicators has been discussed in a previous paper 
(1). 

The binding of chloroquine by plasma albumin should modify consider- 


' 

‘ 


894 CHLOROQUINE AND PLASMA ALBUMIN 


ably the distribution of this compound across various semipermeable mem- 
branes, such as the erythrocytic membrane and the membrane of the 
malaria parasite. The importance of the binding of chloroquine to the 
albumin of plasma is indicated by the following calculation, which is based 
upon our data. At pH 7.4, an albumin concentration of 4.5 gm. per 100 
ml., and a total chloroquine concentration of 25 y per liter (a possible value 


0.350 3 | | | | | 
0.3301 _ oul 
0.290|_ (1) (2 ‘a 
D 
0.270 
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0.230 |_ wil 
4 pH 
0.210 7 | { | | | | | 
65 7.0 75 8.0 8.5 90 9.5 10.0 


Fic. 3. Spectrophotometric evaluation of the competitive interaction of species 
B-B’H* of chloroquine with protons and with bovine albumin at 30° and ionic 
strength 1.66. The points are experimental values of optical density, D, at wave- 
length 330 my versus pH for chloroquine (2.0 X 10~* M) in the presence of bovine al- 
bumin (5.8 X 10°! mM). Curve 1 is the theoretical for Equation 5 with pK’, 8.49, 
k’,; 54 10%, D; 0.356, De 0.236, D; 0.184, K m. Curve 2 is for chloroquine 
(2.0 X 10-5) in the absence of albumin and conforms to Equation 1. 


for the concentration of chloroquine in the plasma of patients treated with 
this drug), 33 per cent of the total chloroquine would be bound to albumin. 
Inasmuch as the binding involves the species B-B’Ht, the protein-bound 
fraction of the total chloroquine in the plasma would increase with increas- 
ing values of pH. We have not studied the binding of chloroquine to other 
plasma proteins, but some binding to the proteins of Fraction III-1, and 
possibly to other plasma proteins, can be predicted on the basis of our 
studies with a related 9-aminoacridine derivative (1). Thus, the total 
binding of chloroquine to plasma proteins probably is greater than 33 per 
cent of the total chloroquine. 
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It is of interest to compare the interaction between chloroquine and 
bovine plasma albumin with the interaction of 2-methoxy-6-chloro-9-(1’- 
methy1-8’-diethylaminooctylamino)acridine with the same protein previ- 
ously determined (1). For the interaction of this 9-aminoacridine deriva- 
tive with albumin, log k’; is 4.38 at 30° and ionic strength 1.1. At values 
of ionic strength from 1 to 2 the change in log k’; with change in ionic 
strength is small; therefore this value can be compared with the value of 
3.72 for chloroquine at ionic strength 1.66. Thus, the strength of binding 
of the 9-aminoacridine derivative by bovine albumin is about 4.6 times the 
strength of binding of chloroquine by this protein. This difference may be 
due in part to the greater force of van der Waals’ interaction between the 
acridine and the protein, which might be ascribed to the additional ben- 
zenoid ring in the acridine. In this connection, this 9-aminoacridine deriv- 
ative also interacts with nucleic acids and nucleoproteins more strongly 
than does chloroquine (5). These facts should be considered in any at- 
tempt to explain the differences in the antimalarial activities of these 
compounds. Finally, in view of the present demonstration of a preferential 
interaction of the two ionic species of chloroquine with plasma proteins, a 
reevaluation of the inhibition of enzymes by 4-aminoquinolines and 9- 
aminoacridines (6-9) might profitably be undertaken with consideration 
for the existence of two species of these compounds at physiological values 
of pH. 


SUMMARY 


The interaction of chloroquine with bovine plasma albumin has been 
evaluated by spectrophotometric methods. In the physiological range of 
pH, chloroquine exists as an equilibrium mixture of two species which can 
be designated as B-B’Ht+ and tHB-B’H?, in which B represents the ring 
nitrogen and B’ the diethylamino nitrogen of the side chain. Albumin 
interacts reversibly with species B-B’H* but does not interact with species 
+HB-B’H*. The value of the first apparent association exponent, log k’,, 
was determined to be 3.72 at 30° and ionic strength 1.66. 
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The interaction of chloroquine! with the ribonucleic acid of yeast was 
reported in a preliminary paper (1). The present paper is concerned with 
a study of the binding of chloroquine by the nucleoprotein and desoxy- 
pentose nucleic acid of spleen and with the presentation of additional data 
for the interaction of chloroquine with yeast ribonucleic acid. Interactions 
of this type may be important in the antimalarial activity of chloroquine 
and in the distribution of this compound in the tissues and fluids of patients 
receiving this drug. Such interactions also provide information of value in 
the study of nucleic acids. 


EXPERIMENTAL 


The ionization exponents of chloroquine have been reported previously 
(2). The interactions with nucleate anions were studied in the range of 
pH 5.7 to 6.0, in which chloroquine exists solely as the species *HB-B’H*; 
B represents the ring nitrogen and B’ the diethylamino nitrogen of the side 
chain. Hereafter this species of chloroquine will be designated as the 
ligand and will be symbolized as L. Additional symbols used in the equa- 
tions are defined as follows: 


m = the maximum number of ligand molecules which can combine reversibly 
with 1 molecule of the polyvalent nucleate anion 

the average number of ligand molecules bound per polyvalent nucleate 
anion under some stated experimental condition 

p = the number of atoms of phosphorus in each polyvalent nucleate anion 

7* = the total molar concentration of the nucleate 

T = the total concentration of the nucleate when the latter is considered to be a 

mixture of ‘‘monovalent’’ nucleate anions. The monovalent nucleate 


* Aided by grants from the Penrose Fund of the American Philosophical Society 
and from the Permanent Science Fund of the American Academy oi Arts and Sciences. 

t Submitted by Frank S. Parker to the Board of University Studies of The Johns 
Hopkins University in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy, 1950. Present address, Department of Biology, Bryn Mawr College, 
Bryn Mawr, Pennsylvania. 

t Present address, Department of Biological Chemistry and Nutrition, School of 
Medicine, University of North Carolina, Chapel Hill, North Carolina. 

1 Chloroquine is 7-chloro-4-(1’-methy]-4’-diethylaminobutylamino) quinoline. 
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unit is defined as that unit of the polyvalent nucleate anion which can 
combine with 1 molecule of the ligand under conditions of maximum 


binding. 7’ = 


P = gm.-atoms of nucleate phosphorus per liter of solution. P = pT'* 

[NV] = the ‘‘molar’’ concentration of free nucleate in terms of the monovalent unit 

[NL] = the molar concentration of the ligand-nucleate complex in which the nucleate 
is the monovalent unit; this also corresponds to the molar concentration 
of bound ligand 

[{L] = the molar concentration of the free ligand 

S = the molar concentration of the total ligand. S = [L] + [NL] 


Klotz (3) and Scatchard (4) have derived equations for the multiple 
interaction of small molecules with a large molecule, which with modifica- 
tion can be applied in the present case. At constant temperature and ionic 
strength and in the absence of a change in the electrostatic factor involved 
in the progressive binding of ligand molecules to the nucleate, the interac- 
tion corresponding to Process A can be evaluated in terms of an apparent 
intrinsic association constant, k’, as expressed in Equation 1. 


N+L=—MNL (A) 


[NL] v a) 
[N] [LZ] (m — v)[L] 


Scatchard (4) has pointed out the advantages of casting this equation in 
the form 

v 

k'(m — 2) (2) 
When the electrostatic factor remains constant, a plot of o/[L] against i 
should yield a straight line; the intercept on the 0 axis is m and the intercept 
on the 0/[L] axis is k’m. However, application of this equation would 
require knowledge of the molecular weight of the nucleic acid. In the 
present case the molecular weights of the nucleic acids are not known with 
certainty, but k’ can be evaluated by means of Equation 5, which is based 
upon Equations 1, 3, and 4. 


[VN] = T — [NL] (3) 
(4) 

p 
[NL] mP 5) 


TL) k’ — k'{NL] 


When varying amounts of ligand are added to a constant concentration of 
total nucleate (constant value of P), a plot of [VZ}/[L] against [NZ] should 


= 


it 
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give a straight line in the absence of a change in the electrostatic factor. 
The intercept on the [NL]/[L] axis is k’mP/p, and the intercept on the 
[VL] axis is mP/p. Ideally, this procedure permits the calculation of k’ 
and of m/p since the value of P can be determined accurately by analysis 
of the nucleic acid phosphate. The values of [VL] and [LZ] can be deter- 
mined spectrophotometrically as described below (Equations 7 and 8). 


20 T T 
16+ 

(1) 
12 
‘o 
= (2) 
Nad 
8 a 
4 
6+ 
4 - 
(my) 


i i i i i 
35 325 335 345 355 
Fig. 1. Spectrophotometric absorption curves for chloroquine at pH 5.8. Curve 
1, nucleates absent; Curve 2, in the presence of excess ribonucleate of veast (415 y 
of nucleate phosphorus per ml.) with '/2 = 0.1; Curve 3, in the presence of excess 
desoxypentosenucleate of beef spleen (44 y of nucleate phosphorus per ml.) with 
r/2 = 0.02. 


The interaction of chloroquine with nucleates at constant pH results in a 
shift in the absorption spectrum of chloroquine (Fig. 1). At some selected 
wave-length at which the absorption by the species LZ and NZ of chloro- 
quine differs considerably and at which spectrophotometric absorption by 
the nucleate is negligible, the optical density, D, of a solution containing 
both free and bound ligand is given by Equation 6 


in which / is the length of the optical path through the solution and « and 


D = + e[NL]l (6) 
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é2 are the molar absorption coefficients of the species L and NL, respec- 
tively. From Equation 6 and the definition of S, the following equations 
can be obtained. 


D — @&Sl 

— D 

[NL] = ~ (8) 


After the evaluation of k’ and m/p by the above method, which will be 
designated as Procedure 1, it was advantageous to verify the determination 
of k’ by a slightly different set of measurements, which will be designated 
as Procedure 2. In Procedure 2, S was maintained constant, while the 
concentration of total nucleate was varied and the optical density was de- 
termined at a fixed wave-length and fixed length of optical path through 
the solution. Equations 9 and 10, which are applicable to this procedure, 
can be derived from the preceding equations. 


D— D 
— log [N] = log k’ + log 5 . 


(9) 


mP _ S(D; — D) 
(Di — Dz») 


[N] = (10) 


In these equations, D, is the optical density of the solution of chloroquine 
in the absence of nucleate when the ligand is present solely as the species 
L, and D; is the optical density when nucleate is present in such excess 
that the chloroquine is present solely as the bound species NL. When the 
electrostatic factor concerned with the interaction is constant, a symmet- 
ri¢al sigmoid curve is obtained when —log [N] is plotted versus D. For 
purposes of showing the fraction of the total chloroquine which is in the 
free condition at various concentrations of nucleate, it is convenient to 
define a degree of dissociation, a = [L]/S. When expressed in terms of 
the degree of dissociation, Equation 9 becomes 


— log [N] = log k’ + log (11) 

The yeast ribonucleic acid used in this study was a preparation obtained 
from the Schwarz Laboratories, which was purified by adaptations of the 
procedures of Fletcher ef al. (5) and Vischer and Chargaff (6). Prior to 
the final precipitation with ethyl alcohol, the nucleic acid was dialyzed 
against several changes of distilled water to remove inorganic salts and 
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nucleotides of low molecular weight. Microanalysis of a sample dried at 
110° gave N (Dumas) 16.1 per cent, P (Pregl-Lieb) 8.8 per cent. Relative 
viscosities were determined for a series of concentrations of the sodium 
salt of this ribonucleate in 1.0 m sodium chloride as solvent to minimize 
electro-viscous effects. The intrinsic viscosity (lim. ysp/c) was found to 
be 5.0, and from this value the axial ratio was calculated to be 6.6 by ap- 
plication of the equation of Kuhn (7, 8), 


C 


= (n — 1)/n0 


in which 7 and 7 are the relative viscosities of solution and solvent, re- 
spectively, ysp 1s the specific viscosity, c is the volume fraction occupied 
by the solute (the nucleate), and a and b are the lengths of the long and 
short axes of the nucleate. The value for the axial ratio of this prepara- 
tion of yeast ribonucleic acid, when compared with data for yeast ribonu- 
cleic acid isolated by special methods (9), indicates that the material is 
somewhat degraded. However, for our present purpose this specimen of 
nucleic acid is useful, inasmuch as it permits a comparison between the 
strengths of interaction of chloroquine with this nucleate of low molecular 
weight and with a desoxypentose nucleate of high molecular weight. 
Desoxypentose nucleoprotein was isolated from beef spleen essentially as 
described by Petermann and Lamb (10). The best one of three prepara- 
tions contained 12.9 per cent nitrogen and 3.56 per cent phosphorus (N:P 
ratio by weight, 3.62). These analyses were based upon dry weight ob- 
tained by lyophilization of a small sample to constant weight, a procedure 
which probably does not remove all of the bound water. The interaction 
with chloroquine was studied with solutions of the nucleoprotein which 
had not been subjected to lyophilization. The specific viscosity of solu- 
tions of the nucleoprotein in 1.0 mM sodium chloride containing 0.01 M so- 
dium citrate was measured with a modified Ostwald viscosimeter at 25°. 
Extrapolation of the data of Fig. 2 yields a value of 1300 for the intrinsic 
viscosity and a value of 144 for the axial ratio by Equation 12. These 
values from measurements with a relatively crude viscosimeter probably 
are subject to more than the usual objections, but they indicate the order 
of magnitude. Dialysis of solutions of the nucleoprotein in 1.0 M sodium 
chloride in cellophane bags against repeated changes of 0.001 mM sodium 
citrate solution first caused precipitation of the nucleoprotein, which was 
followed by re-solution of the precipitate when the ionic strength of the 
solution became small. Such dialyzed aqueous solutions of the nucleopro- 
tein were used for the study of the interaction with chloroquine at low 
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ionic strength. A salt-free aqueous solution of the best preparation of the 
nucleoprotein gave a relative viscosity of 8.6 at a concentration of 0.193 
mg. of nucleoprotein phosphorus per ml. 

Desoxypentose nucleic acid was isolated from the desoxypentose nucleo- 
protein of beef spleen by removal of the protein by the method of Sevag 
et al. (11, 12). The protein-free aqueous solution of the sodium desoxy- 


cx io* 
{ | L | 
10 20 30 


Fig. 2. Viscosity of solutions of desoxypentose nucleoprotein of beef spleen in 
1.0 m sodium chloride containing 0.01 m sodium citrate; c is the volume fraction of 
the nucleoprotein in the solution. 


pentose nucleate was dialyzed repeatedly against distilled water before use 
in the study of the interaction with chloroquine. A portion of the sodium 
desoxypentose nucleate was isolated in the dry state by lyophilization, 
repeated washing with ethyl alcohol, and drying at 70°. Analysis of the 
dry preparation gave P 8.8 per cent, N 15.1 per cent. The ultraviolet 
absorption spectrum is presented in Fig. 3. An axial ratio of 230 was cal- 
culated from the viscosity data of Fig. 4. 

Spectrophotometry was performed with a Beckman photoelectric quartz 
spectrophotometer, model DU, the cuvette compartment of which was 
equipped with plates through which water was circulated from a thermo- 
stat to maintain the solutions at 30° + 0.5°. Blank solutions were identi- 
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cal with the corresponding test solutions except for the omission of chloro- 
quine. The absorption data in Figs. 1 and 2 are reported as molar absorp- 
tion coefficients, e, which are defined by the equation — log T = D = eel, 
in which T is the transmittancy, D is the optical density, c is the concen- 


1.2 - 
a 
"Usp. 
0. 
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cx10* 
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Fig. 4 


Fic. 3. Absorption spectrum of sodium desoxypentose nucleate of beef spleen at 
pH 6. «(P) = 30.98 D/cl as defined by Chargaff and Zamenhof (16); c is the concen- 
tration of nucleate expressed as gm. of nucleate phosphorus per liter of solution and 
30.98 is the atomic weight of phosphorus. 

Fia. 4. Viscosity of solutions of sodium desoxypentose nucleate of beef spleen 
in 1.0 m sodium chloride containing 0.01 m sodium citrate; c is the volume fraction 
of the nucleate in the solution. 


tration of chloroquine in moles per liter, and / is the length (cm.) of the 
light path through the solution. The pH of each solution was determined 
at 30° with a glass electrode and electronic potentiometer, the design and 
standardization of which have been described previously (13). 


DISCUSSION 


The change in the absorption spectrum of the species *HB-B’H* of chlo- 
roquine, which results from the binding of this species to nucleates, is de- 


' 
7 
6 x 
5 . 
4 
m 
2- 
w 
A (my) 
210 230 250 270 290 310 
Fic. 3 
| 


904 CHLOROQUINE AND NUCLEIC ACIDS 


pendent in part upon the molecular size of the nucleate. Thus, the shift 
in absorption spectrum is greater when chloroquine is bound to the highly 
polymerized desoxypentose nucleate of spleen than when it is bound to the 
partially degraded ribonucleate of yeast (Fig. 1). The absorption spectra 
of the species +HB-B’H* bound to the desoxypentose nucleoprotein and 
to the corresponding desoxypentose nucleate are identical. In all of these 
cases the change in absorption spectrum involves a small shift to higher 
wave-lengths and a large decrease in the absorption coefficients. 

Data for the interaction of chloroquine with yeast ribonucleate have been 
presented in a previous publication (1) in terms of Procedure 2. Addi- 
tional data are given in Fig. 5 in terms of Procedure 1. The data could 


4.0 T T T T 
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Fic. 5. Data for the interaction of chloroquine with veast ribonucleate in terms 

of Procedure 1; pH 5.8; 1/2 = 0.1; temperature, 30°; P = 1.0 X 10°-* M. 


not be extended beyond [VL] = 8.2 * 10~-* (at this point [NL]/[N] = 
0.196) because of precipitation of the complex and because the concentra- 
tion of chloroquine required for greater binding would have been too large 
for spectrophotometric observation. At the highest concentrations of chlo- 
roquine, 1 mm. cuvettes were used. The intercept on the [NL]/[L] axis 
could be determined with precision, but the intercept on the [NZ] axis 
could not be calculated accurately, inasmuch as a long extrapolation was 
involved. However, the value m/p = 0.5, which was estimated from the 
latter intercept, is in agreement with analytical data on the composition 
of a chloroquine-ribonucleate complex which was precipitated under condi- 
tions (high concentration of chloroquine) that would result in maximum 
binding of chloroquine. With this value of m/p, k’ = 795 and log k’ = 
2.90 at pH 5.8, 30°, and ionic strength 0.1. Electrostatic corrections did 
not seem to be required in treating the data of Fig. 5. It is possible that 
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the binding of chloroquine ions to the nucleate is accompanied by release 
of some of the bound sodium ions; this would tend to minimize the change 
in the electrostatic factor which would be expected from successive binding 
of chloroquine ions. It should be emphasized that we have interpreted 
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55 50 4-5 4.0 3.5 3.0 2.5 O 

Fig. 6. Data for the interaction of chloroquine with the desoxypentose nucleo- 

protein of beef spleen in terms of Procedure 2; pH 5.8; temperature, 30°. ©, experi- 

mental values for ['/2 = 0.02; @, for '/2 = 0.07. Curve 1, theoretical curve for 

Equation 11 with m/p = 0.5 and log k’ = 3.73; Curve 2, theoretical curve for Equa- 
tion 11 with m/p = 0.5 and log k’ = 3.18. 


the data in the simplest possible manner in terms of a single apparent 
association constant. It is possible, of course, that there are several types 
of binding sites on the nucleate and that these sites have different intrinsic 
binding strengths, but this point cannot be decided with present techniques 
and data. In particular, it might be expected that at higher pH values 
terminal phosphate groups would possess double charges which might be 
expected to produce tighter binding of chloroquine at these sites. How- 
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ever, at the pH values at which we have studied the interaction, this second 
ionization of the terminal phosphate groups would not be very important. 
We have not studied the interactions above pH 6, inasmuch as the proton 
dissociations of chloroquine complicate the direct spectrophotometric 
method in that range. 
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Fic. 7. Data for the interaction of chloroquine with the desoxypentose nucleate 
of beef spleen in terms of Procedure 2; pH 5.85; temperature, 30°; '/2 = 0.02. The 
points are experimental values. The curve is drawn according to Equation 11 with 
m/p = 0.5 and log k’ = 3.77. 


Data for the interaction of chloroquine with the. highly polymerized 
desoxypentose nucleoprotein and desoxypentose nucleate of beef spleen are 
presented in Figs. 6 and 7 in terms of Procedure 2, and the apparent in- 
trinsic association exponents are compiled in Table I. Data for the inter- 
action of chloroquine with the nucleoprotein had to be confined to a narrow 
range of concentrations because of the limited solubility of the nucleopro- 
tein, particularly at ionic strength 0.07. It is of considerable interest that 
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the binding of chloroquine to the nucleoprotein is almost as strong as the 
binding to the nucleate derived from the nucleoprotein. This result was 
unexpected, inasmuch as competition between the protein and chloroquine 
for attachment to the polyvalent nucleate anion was anticipated in view 
of the generally accepted idea that the bond between the protein and the 
nucleate is principally an electrostatic one. The results of these experi- 
ments on the binding of chloroquine suggest that the bond between the 
nucleate and the protein may involve some other type of linkage, at least 
in part. It is of course possible that our preparation of nucleoprotein may 
have been somewhat denatured. The procedure for the isolation involved 
extraction with 1.0 m sodium chloride, and Gajdusek (14) has presented 


TABLE I 


Apparent Association Exponents for Interaction of Chloroquine with Various Nucleates 
and Nucleoproteins 


Temperature, 30°; pH 5.80. 


Log k’ 


Type of nucleate or nucleoprotein 
.10 1.10 


= T/2= 
0.07 | 0 
| | 


7 2.90 | 1.36 
Desoxypentose nucleate of beef spleen | | 
Desoxypentose nucleoprotein of beef spleen | | | | 
| 3.73 | 3.18 | | 


— 


evidence recently that this method may produce some dissociation of the 
nucleoprotein. We intend to study the interaction of chloroquine with 
nucleoprotein isolated by methods which avoid the use of 1.0 m sodium 
chloride. 

The data of Table I demonstrate that chloroquine interacts more strongly 
with the highly polymerized desoxypentose nucleate of spleen than with the 
partially degraded ribonucleate of yeast. That this effect is largely due to 
the difference in electrical charge which accompanies the difference in the 
size of these polyvalent anions is indicated by the fact that partial degrada- 
tion of the desoxypentose nucleate with alkali causes a decrease in the 
strength of binding of chloroquine. A similar effect has been described (1) 
in the case of ribonucleate. This relationship between the size and charge 
of nucleates and the strength of binding of chloroquine suggests that such 
binding studies might be useful in comparing the sizes and electrical charges 
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of various naturally occurring nucleic acids. Both the effect of the charge 
of the nucleates and the large effect of ionic strength (I'/2) on the inter- 
action of chloroquine with these polyvalent anions (Table I) can be inter- 
preted in terms of the interionic attraction theory of Debye and Hiickel 
(15). However, a quantitative application of this theory to the present 
problem does not appear feasible at this time, since we do not have ade- 
quate information concerning the molecular sizes and shapes of these nu- 
cleates. It seems probable that supplementary bonds such as hydrogen 
bonds and van der Waals’ forces are involved in the interaction of chloro- 
quine, and of certain acridine derivatives, with nucleates, inasmuch as one 
of the acridine derivatives has been shown (1) to interact with ribonucleate 
more strongly than chloroquine, although both compounds were doubly 
charged cations under the conditions of the measurements. Evidently 
electrostatic bonds are not the only ones involved. 

_ The strong interaction of chloroquine with nucleates and nucleoproteins 
provides a plausible explanation for the accumulation of this chemothera- 
peutic compound in liver, spleen, white blood cells, and parasitized red 
blood cells of patients treated with this antimalarial. Such interactions 
should be considered in any attempt to explain the chemotherapeutic mode 
of action of this compound. 


SUMMARY 


A spectrophotometric method has been described for the study of the 
reversible interaction of chloroquine and similar compounds with nucleic 
acids. Chloroquine is bound more strongly by the highly polymerized 
desoxypentose nucleate and nucleoprotein of beef spleen than by a some- 
what degraded preparation of yeast ribonucleate. The strength of the 
interactions decreases with increasing ionic strength. The nucleate and 
nucleoprotein of beef spleen bind chloroquine with similar strengths. It is 
suggested that such interactions may be important in the distribution of 
chloroquine among various tissues and in the chemotherapeutic mode of 
action of this 4-aminoquinoline derivative. 
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THE HEMATIN-BINDING REACTION AS A BASIS FOR 
SERUM ALBUMIN DETERMINATION * 


By MORRIS ROSENFELD anno DOUGLAS M. SURGENOR 


(From the Department of Pharmacology and Experimental Therapeutics, School of 
Medicine, The Johns Hopkins University, Baltimore, Maryland, and 
the University Laboratory of Physical Chemistry Related to Medicine 
and Public Health, Harvard University, Boston, Massachusetts) 


(Received for publication, July 21, 1952) 


The heme protein found in plasma in certain diseases associated with 
excessive hemolysis was shown by Fairley (1) to be the product of a reac- 
tion between hematin and albumin. This component has been called met- 
hemalbumin. In our previous paper we have reported the results of a 
detailed study of this interaction, using crystallized human albumin and 
ferriprotoporphyrin IX (2). Each molecule of albumin was found to be 
capable of reaction with 2 molecules of ferriprotoporphyrin, the product 
being extremely stable. Association occurred in solutions more alkaline 
than pH 7, while dissociation was favored in more acid solutions. The 
reaction was independent of ionic strength within the range studied. The 
product of the reaction exhibited a sharp peak in optical extinction at the 
wave-length 403 my and this suggested employment of the hematin-binding 
reaction as a means of colorimetric determination of albumins in solution. 
The simple stoichiometry, high association constant, and rapidity of com- 
bination were, in addition, favorable characteristics of the reaction. 

It was noted that albumin alone, of the plasma proteins studied, inter- 
acted with ferriprotoporphyrin in this way. A non-specific enhancement 
of spectral absorption was observed with other proteins, but this effect was 
slight compared to the pronounced spectral change associated with the 
albumin-hematin interaction. Evidence is presented in this paper that the 
binding is selective for albumin among the plasma proteins and that there 
is little interference on the part of other components of plasma. Greater 
specificity could be attained by the use of preliminary fractionation to con- 
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by contributions from industry. This paper is No. 102 in the series ‘Studies on 
plasma proteins’ from blood collected by the American Red Cross, on products 
developed by the University Laboratory of Physical Chemistry Related to Medicine 
and Public Health, Harvard University. 
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centrate the albumin into a globulin-poor plasma fraction. The applica- 
bility of the analytical procedure to measurements on blood plasma has 
been examined in a small but representative series of cases. Good agree- 
ment was obtained in comparative measurements by the hematin-binding 
method and the methanol fractionation method of Pillemer and Hutch- 
inson (3). 

Methods 


Reagents— 

Sodium hydroxide, 1.0 x, 0.1 N, and 0.001 N. 

Veronal buffer, pH 7.5, contained 12.5 gm. of sodium diethylbarbiturate 
and 40 ml. of 1.0 n hydrochloric acid per liter. 

Sodium chloride, 0.85 per cent solution. 

Sodium sulfate, 22.5 per cent solution. 

Hematin Solution—10 mg. of hemin, weighed in a beaker, were dissolved 
completely in 10 ml. of 0.1 N sodium hydroxide. Without delay the solu- 
tion was transferred quantitatively to a 1.0 liter volumetric flask and made 
up to volume with distilled water. This solution was stable several weeks 
at 0-5°. Recrystallized hemin obtained from Armour especially for albu- 
min analysis proved to be satisfactory. 

Serum Albumin—Normal serum albumin, human, salt-poor, U. S. P. 
(Cutter Laboratories), containing 5.0 gm. in 20 ml. served as a working 
standard. Solutions containing 50 mg., 25 mg., and 10 mg. per ml. were 
prepared by diluting the U.S. P. albumin with a 0.85 per cent solution of 
sodium chloride. For direct measurement on plasma the 10 mg. standard 
was further diluted with Veronal buffer to provide solutions containing 0.2 
to 0.5 mg. of albumin per ml. As standards for the plasma fractionation 
procedure the 50, 25, and 10 mg. solutions were used without further dilu- 
tion. The albumin solutions in sodium chloride could be kept several 
weeks at 0-5°. The salts of the Veronal buffer crystallized in the cold, and 
for this reason subdilutions in this buffer were freshly prepared before use. 
Bovine albumin could not be used since it does not react with hemin in the 
same way as human albumin does. 


Procedure 


Preparation and Dilution of Plasma—Blood obtained by venipuncture 
with a dry syringe was transferred to a vial coated with a thin film of 
dry potassium oxalate. Plasma was separated by centrifugation. Serum 
could also be used. Blood samples were preferably taken from fasting sub- 
jects. To 0.5 ml. of plasma or serum were added 25 ml. of Veronal buffer. 
10 ml. of this solution were further diluted with 10 ml. of Veronal buffer. 
One of these two dilutions usually brought the serum albumin content 
within a range of concentration suitable for colorimetric measurement. 
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Color Development—5.0 ml. of hematin solution were added to 5.0 ml. of 
diluted plasma or standard albumin solution. Plasma and protein blanks, 
free of hematin, were prepared by adding 5.0 ml. of 0.001 N sodium hydrox- 
ide in place of hematin. Test-tubes containing these mixtures were cov- 
ered with plastic film (Parafilm) and were inverted several times to insure 
mixing. The tubes were heated in a water bath at 37-40° for about 30 
minutes and then were brought to room temperature for measurement of 
optical density. A hematin blank was made up with 5.0 ml. of hematin 
solution and 5.0 ml. of Veronal buffer. Owing to instability of hematin 


-600 
> @ 
- 
9 
an) e A 
4 
8 
©O -400 = A 
| | | | | | 
300 10 20 30 AO 
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Fic. 1. @ and O, standardization points measured in two separate calibration 
experiments; phosphate buffer; no sodium sulfate. ©, standardization points in 
phosphate buffer containing 1.0 per cent sodium sulfate. A, standardization 
points in Veronal buffer containing 1.0 per cent sodium sulfate. Hematin con- 
centration, 0.005 mg. per ml. (as hemin). 


solutions at pH 7.4 in the absence of protein, the hematin blank was not 
heated and was read soon after it was prepared. 

Optical density measurements were made in a 10 mm. cuvette at 403 my 
with a narrow spectral band 5 muy or less in width. The Beckman model 
DU spectrophotometer was used. All readings were made against distilled 
water. Plasma or protein blanks were subtracted from the optical density 
readings. The hematin blank was not subtracted but served as a control 
measurement to insure correct preparation of the hematin solution. 

Two or three albumin standards were always run in parallel with plasma 
measurements. Although the calibration curve, Fig. 1, was not strictly a 
straight line, linear interpolation could be used between standards in the 
limited range of concentration lying between 0.10 and 0.25 mg. of albumin 
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per mi. The multiplying factors for the two plasma dilutions were 102 
and 204. 

Sodium Sulfate Fractionation—1.0 ml. of plasma was added to 4.0 ml. of 
22.5 per cent sodium sulfate contained in a heavy duty, 12 ml. conical 
centrifuge tube. The tube was covered with plastic film and the contents 
were mixed by inverting several times. After standing 1 or 2 hours, the 
tube was centrifuged at 2000 r.p.m. for 4} hour in a No. 2 International 
centrifuge or for 1 hour at full speed in a clinical centrifuge. The super- 
natant fluid was separated from the packed globulin precipitate as a rule 
by decantation or when necessary by careful pipetting. 

Two dilutions of the supernatant fluid were usually prepared; to 1.0 ml. 
aliquots were added 10 and 20 ml. of Veronal buffer. Color development 
was carried out with the diluted supernatant exactly as with diluted whole 
plasma. 

The standard albumin solutions, 50, 25, and 10 mg. per ml., were treated 
exactly as plasma except that in the absence of a globulin precipitate cen- 
trifugation was unnecessary. Linear interpolation was used between these 


standards. 


EXPERIMENTAL 


A number of globulin-rich subfractions were titrated with hematin in an 
attempt to determine whether any other plasma protein was capable of 
binding hematin. These titrations were carried out at pH 7.4 and ionic 
strength 0.1, as previously described (2). With certain proteins such as 
the y-globulins the curves obtained were nearly identical with that of the 
protein-free blank except for a slightly greater slope. With others, how- 
ever, the increment in optical density over the blank increased to a point, 
after which it remained constant. 

Evidence of binding was always obtained in those fractions which were 
known to be contaminated with albumin. In order to evaluate the results, 
it was decided to express the binding observed in terms of the amount of 
albumin which would have given rise to the same result; this could then be 
compared with the electrophoretic analysis. Increased apparent albumin, 
as indicated by titration, over that found by electrophoresis could then be 
taken as evidence of accessory binding by a globulin component. The re- 
sults of such an analysis of the data are shown in Table I. Since there are 
certain limitations in the quantitative interpretation of electrophoretic data 
(4), only the finding of a considerably higher apparent albumin concentra- 
tion by titration could have been considered significant. The agreement 
obtained has been taken to mean that albumin is the specific component of 
plasma which binds hematin in significant amounts under these experimen- 
tal conditions. It should be noted that the albumin value recorded with 
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Fraction [V-6(AVL-19) is suggestive of some accessory binding by a-globu- 
lin. On the other hand, Fraction IV-6-2(AVL-54), which was of very 
similar a-globulin composition, gave no accessory binding. Additional 
samples of a-globulin suitable for more exhaustive study of this point were 
not available. 

Certain of the measurements were repeated with the more specific blood 
plasma technique’ which incorporates preliminary fractionation with sodium 


TABLE I 
Analysis of Plasma Fractions by Hematin Binding and by Electrophoresis 


| ioe | Electrophoresis, per cent of fraction 
Fraction No. Principal component 
gs 
a | | | Bs | F Y 
77) < 
per | per 
cent | cent 
IV -4(181) a + B-Globulin 27 | 25 | 29 | 18 | 26 | 27 l 
IV -6(AVL-19) a-Globulin 13 | 11 Q | 24 72 4 
1V -6-2(AVL-54) 6, 3 3 5 95 
1V-7(AVL-8) 6,-Globulin 17 | 14 | 10 8 | 80 2 
IV-7(S-381-1) | 18/17/15) 2/12] 69} 2 
11(142) y-Globulin 2 5 1 ] 93 
II-1-2(185-186) 0 0 0 2 98 
II+I11(149) y-Globulin + £- 0 3 3 | 17 | 26 5 | 11 | 35 
lipoprotein | 
II+111(146) | 0 5 3 | 19 |} 29 12 | 32 
12; 5/12|24| 8 38 
II+ 11I(Ba-II-3) | | 6) 14 43 37 
II1(73) B-Globulin-s- | 5 15 | $2 | 33 15 
lipoprotein | | | | 
III-0 “B:Lipoprotein 12,85 66 | 16 5 


sulfate. The protein fractions were dissolved in high concentration, in 
some instances 250 mg. per ml., in order to bring the concentration of 
albumin impurity into an accurate range for measurement with hematin. 
Somewhat better agreement with electrophoretic values was obtained. It 
should be remarked that the errors of both hematin and electrophoretic 
determinations of albumin are large when applied to a mixture comprising 
a small proportion of albumin in the presence of a large amount of a-globu- 
lin or of lipoprotein. 

To test these findings further, crystallized albumin was added in known 
amounts to a group of globulin fractions. The resulting mixtures were 
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examined at a single point of the hematin titration curve and the albumin 
content was calculated. The procedure was essentially that used in mak- 
ing plasma measurements. In these tests the ratio of globulin to albumin 
was usually 5:1 on a weight basis. These data, Table II, indicated the 
considerable specificity of the hematin-albumin reaction, even in the pres- 
ence of large excess of fibrinogen, globulins, and lipoprotein. 

From the foregoing considerations, it was logical to extend our studies 
to determine the feasibility of using the interaction as a means of determin- 
ing albumin in whole serum or plasma. Accordingly, titrations were made 
with hematin on normal whole sera and the albumin fractions obtained 


TABLE II 
Recovery of Albumin in Presence of Excess Plasma Protein Components 


The results are expressed in mg. per ml. 


| | | 
! ‘Amount | Total Total 
Fraction added | Principal component of | crystal- with albumin | albumin Recovery 
| fraction icomputed found 
| 
per cent 
1(1T461A) _ Fibrinogen 1.0) 0.21 ; 0.02 0.23 0.23, 100 
IV -6-2(AVL-54) | a-Globulin 0.21 | 0.05 | 0.26, 0.27; 104 
LV -7-2(S-389-2) 8,-Globulin = 1.0) 0.21 | 0.00 0.21 0.21 100 
II-1-2(185-186) | y-Globulin 0.21 0.00 | 0.21) 0.21 | 100 
111-0 B:-Lipoprotein 61.0 18.5. | 4.9 | 23.4 | 21.0 | 90 
I11(73) 8-Globulin + (73.0 18.5 3.7 | 22.2 | 18.0 81 
8-lipoprotein | | | 


* The albumin content of the fractions is the value determined by electrophoretic 
analysis. 


therefrom, by the methanol fractionation of Pillemer and Hutchinson (3). 
The albumin values obtained in normal sera showed reasonably good agree- 
ment measured both by hematin titration and by Kjeldahl nitrogen deter- 
mination in the albumin fraction (Table II1). In another series, six normal 
sera obtained at different times from the same individual, and the albumin 
fractions therefrom, by use of methanol, were examined by titration with 
hematin. In these cases the albumin found in the methanol supernatant 
was less, by an average of 5 per cent, with extremes of 2 to 9 per cent, than 
that in the whole sera. 

When the hematin measurement was applied to abnormal plasmas low 
in albumin, and to the derived methanol fractions, greater discrepancies 
appeared (Table III). In view of possible reaction of hematin with globu- 
lins of abnormal type or of normal type in elevated amount, the analytical 
procedure was modified to include a fractionation step that would concen- 
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trate the albumin into a globulin-poor fraction. Since complete removal 
of globulins was not desired, certain changes were made in the Howe (5) 
procedure in the direction of reducing the fractionating concentration of 
sodium sulfate to 18 per cent, and reducing the extent of plasma dilution 
in the fractionation step. These modifications resulted in two advanta- 
geous features: first, the manipulations could be performed at room tem- 


TaBLeE III 
Estimation of Serum Albumin by Hematin Binding and Methanol Procedures 
The results are expressed in gm. per 100 ml. 


| Serum albumin 
| 
Direct Methanol- | Methanol- Kjeldahl 
hematin Kjeldahl hematin 

4.6 4.6 4.3 7.0 

S. C., multiple myeloma....... 2.1 2.2 2.2 1.9 12.1 
C.M., “ 1.2 0.8 8.4 
G.S., nephrotic syndrome. . . 2.0 1.7 | 1.2 4.3 
B. S., infectious hepatitis... .. See 2.1 1.5 5.4 
E. P., nephrotic syndrome..... 24 1.8 1.5 5.0 
E.S8., glomerulonephritis...... 2.0 15 0.7 0.7 4.3 
N. C., Kimmelstiel-Wilson....| 2.0 1.4 4.9 
N. H., lupus erythematosus. . 2.3 2.3 2.2 a3 6.6 
| 29 | 2.7 | 3.0 2.5 7.6 


* Bilirubin (mg. per 100 ml.), F. W., total 11.4, direct 8.4; H. D., total 9.4, direct 
7.6. 


perature; secondly, the globulin precipitate was readily separated by cen- 
trifugation. 

Prior to introducing the sodium sulfate step, the stability of serum albu- 
min in 18 per cent sodium sulfate solution was investigated. 4 volumes of 
sodium sulfate (22.5 per cent solution) were added to 1 volume of plasma 
and after an hour the globulin precipitate was removed by centrifugation. 
An aliquot of the supernatant fluid was at once diluted 25-fold with phos- 
phate buffer and placed in the refrigerator. The remainder of the super- 
natant, protected from evaporation, was allowed to stand 18 hours at room 
temperature, when a second aliquot was similarly diluted. The hematin 
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reaction gave nearly identical readings with both samples, indicating a high 
degree of stability of the albumin with respect to hematin binding. 

Although binding power was not affected, there was a slight reduction 
of color intensity in solutions containing sodium sulfate, as shown in Fig. 
1. In view of this effect albumin standards were carried through the so- 
dium sulfate fractionation in the same way as plasma or serum. 

In addition to removing globulins the sodium sulfate step proved to 
be very effective in clarifying samples of lipemic plasma, such as occur in 
nephrosis. The lipides and lipoproteins were removed either by flotation 
or by precipitation, leaving an optically clear aqueous phase. 

The studies on albumin solutions and plasma protein fractions had been 
carried out in a medium buffered with phosphate. When the measure- 
ments were extended to serum, it was found that dilution with phosphate 
buffer gave rise to a clouding, no doubt due to precipitation of calcium phos- 
phate. Clouding was also encountered in occasional samples of plasma. 
Veronal buffer, on the other hand, yielded optically clear solutions. Op- 
tical density readings in Veronal buffer were somewhat lower than in phos- 
phate, Fig. 1. This necessitated dilution of albumin standards as well as 
serum and plasma with the Veronal buffer. | 

Albumin estimations were carried out in a series of two normal and four- 
teen abnormal plasma samples, Table III.!. Hematin measurements were 
made on whole plasma, on plasma fractionated with sodium sulfate, and 
on the albumin fraction of the methanol procedure; Kjeldahl nitrogen de- 
terminations were made on the methanol fraction and on whole plasma. 
Correction was made for non-protein nitrogen. Good agreement was found 
in albumin levels as measured by hematin, either in whole plasma or in the 
sodium sulfate fraction, and by the methanol-Kjeldahl procedure. The 
latter procedure was used as a basis of comparison, since Pillemer and 
Hutchinson (3) found the albumin measurements with this method to com- 
pare favorably with results obtained electrophoretically. 

Low values were obtained when the albumin content of the methanol 
supernatant was measured with hematin. This is perhaps indicative of 

incomplete separation of albumin and globulin in the methanol fractiona- 
tion, some globulin contributing to the nitrogen value. Because of this 
compensating effect the Kjeldahl] determination on the methanol super- 
natant appears to represent more accurately the albumin content of the 
original plasma. 

In view of the good agreement between hematin readings made directly 
on whole plasma and those made on the sodium sulfate fraction it appears 

1 We are indebted for samples of abnormal blood plasma to the Department of 


Medicine and the Department of Pediatrics, The Johns Hopkins University, School 
of Medicine. 
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that the direct procedure is adequate for initial measurements on clear 
plasma samples. The more elaborate fractionation method might be re- 
served for primary measurements on lipemic samples and for confirmatory 
measurements on abnormal specimens. It should be noted that there was 
satisfactory agreement between the hematin measurements and the meth- 
anol-Kjeldahl determinations in the two cases of cirrhosis complicated by 
severe jaundice, indicating that there is no appreciable interference on the 
part of bile pigments. Similarly, a moderate amount of hemolysis could 
be tolerated in that the only effect was an elevation of the plasma blank. 
Nevertheless, low plasma blanks increase the accuracy of measurement and 
therefore every effort was made to avoid gross hemolysis. 

In extending the usefulness of the interaction between hematin and albu- 
min, we have had occasion to reexamine the influence of dilution on the 
methemalbumin color. We wish to take this opportunity to correct certain 
observations on the dilution effect reported in our previous study (2). The 
failure to follow Beer’s law, illustrated in Table I of that paper, has been 
traced to instrumental error encountered in the change from 10 mm. to 
100 mm. cuvettes. When this error was eliminated, methemalbumin was 
found to follow Beer’s law within the accuracy of our optical density meas- 
urements. There was no measurable drop in extinction, as corrected for 
dilution, when a 1.3 * 10-* m solution of methemalbumin was diluted 
20-fold and read in the same 100 mm. cuvette. At high dilutions it was 
found necessary to use buffers of very low ionic strength in order to avoid 
the formation of a very fine suspension. We have used phosphate and 
Veronal buffers of ionic strength 0.001. Since our previous estimate of the 
magnitude of the association constants was largely influenced by dilution 
data, the values must be revised upward in the direction of firmer binding. 


DISCUSSION 


It is of interest to compare these observations with those on the related 
pigment, bilirubin. Martin (6) found that, whereas albumin was capable 
of binding between 2 and 3 molecules of bilirubin, there existed in plasma 
at least two a-globulins capable of binding the pigment. These were the 
a,-globulin from Fraction V-1, which, even as isolated from plasma, is rich 
in bound pigment, and an ae-globulin, which was concentrated into Fraction 
IV-7 with the metal-binding 8-globulin. 

Pooled normal human plasma absorbs in the region of 405 my, and at 
least two heme proteins may exist. A heme protein, probably an a:-glob- 
ulin, has been isolated in small amounts from Fraction II+III.2. Absorp- 
tion at 405 mu has always been found in Fraction IV-4 and its subfractions, 


2 Oncley, J. L., and Gurd, F. R. N., personal communication. 


‘ 
i 
¥ 


920 DETERMINATION OF SERUM ALBUMIN 


particularly in Fraction IV-7. When plasma is grossly hemolyzed, the 
pigment is concentrated in Fractions IV-4 and V (7). Although the reac- 
tion between hematin and albumin was found in the present study to be 
selective to a high degree, the presence of another plasma protein in small 
amount, capable of similar reaction, has not been excluded. The concen- 
tration of such a protein, if present, appears to be so low as not to interfere 
appreciably with the analytical measurements. 

There are three basic methods currently available for the quantitative 
determination of serum albumin: (1) electrophoresis, (2) fractionation with 
salts, metal ions, or organic solvents, or (3) immunochemical precipita- 
tion. Each of these methods has its advantages and limitations. The 
hematin reaction adds a fourth method, based strictly on chemical inter- 
action. It should prove helpful in many situations to have such an inde- 
pendent method of analysis. 

The chemical manipulations in the hematin procedure are of utmost 
simplicity. Sensitivity of the reaction is high, making possible measure- 
ments on very small amounts of albumin. Certain limitations should, 
however, be noted. Because of the narrow spectral band width involved 
in the determination the photometric measuring instrument must have 
better resolution than the usual photoelectric colorimeter. The high spec- 
tral absorption of free hematin at 403 my results in a very high reagent 
blank. Fortunately, this blank is uniform and constant as distinguished 
from the protein blank, which varies from sample to sample. The optical 
density range available for measurement is thus limited at the lower end 
by the reagent blank and at the upper end by curvature and leveling off 
of the calibration curve. The limited range makes it necessary to dilute 
all samples properly to bring them within suitable limits of concentration. 
The slope of the calibration curve is such that a relatively large increment 
in protein concentration is required to give a measurable change in optical 
density. This places a demand for high precision in photometric measure- 
ment. Even with careful work the error in albumin determination is 
estimated to be +5 per cent. 

Evaluation of specificity has been our most serious problem. It is rather 
unusual for a chemical reaction to be highly selective among closely related 
proteins. Only when a specific group characteristic of the protein enters 
into reaction, can one obtain selectivity. It appears that the binding of 
hematin by albumin is an example of such selective interaction. The 
parallelism between the hematin measurements and the electrophoretic 
values for the albumin content of various globulin fractions is striking, but 
leaves much to be desired from a quantitative point of view. This is due 
to the large errors in both measurements when applied to a mixture in 
which the proportion of albumin is small relative to globulin. The pos- 
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sibility of accessory binding by a-globulin must be borne in mind. One 
sample of a-globulin showed no binding, while another gave appreciable 
interaction. Resolution of this difficulty awaits the availability of more 
preparations of purified a-globulin. 

Greater specificity could be attained by removal of the bulk of globulin 
components by preliminary fractionation. Such separation could be 
achieved by fractionation with alcohol or zinc at low temperature by the 
methods of Cohn et al. (8) and of Lever et al. (9). A simple adaptation of 
the Howe sodium sulfate procedure proved to be more suitable for the 
general laboratory in that all the manipulations could be carried out at 
room temperature. The salt concentration was adjusted so as to leave all 
the albumin in the supernatant solution, where this component constituted 
about 75 per cent of the total protein. Such a course of separation would 
reduce non-specific protein interference, but would not necessarily remove 
a closely related a-globulin. The incorporation of a fractionation step 
into the hematin procedure does not bring it into the class of fractionation 
methods inasmuch as the separation need not be quantitative nor is it 
critical. 


SUMMARY 


The interaction between hematin and human serum albumin to form 
methemalbumin has been examined as a possible basis for colorimetric 
determination of albumin concentration in blood plasma. The reaction 
was found to be selective for albumin and there was little interference by 
other protein components of plasma. In a limited series of cases good 
agreement was obtained between hematin-binding measurements and esti- 
mations of albumin with the methanol-Kjeldahl procedure. 
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Sodium azide has been employed as a metabolic inhibitor in a variety of 
studies. Stannard has described the use of this agent in distinguishing 
between the oxygen consumption of resting as opposed to working frog 
muscle (1). The increased respiration due to activity was abolished by 
azide, while the basal resting value was unaffected. Azide has also been 
shown to interfere with the phosphorylations accompanying oxidative 
metabolism (2). It was decided to apply these same measurements to the 
isolated tissues of animals rendered hyperthyroid, to determine whether the 
thyroid-induced increase in metabolic rate could similarly be distinguished 
from the rate at resting levels, and whether this was reflected in changes 
in energy phosphorylations. Similarities in the stimulatory effects of work 
as compared with thyroid excess might aid in outlining the metabolic site 
of action of the thyroid hormone. 


Methods 


100 to 150 gm. male Sprague-Dawley rats were rendered hyperthyroid 
by feeding a powdered stock rat diet containing 2 per cent thyroid. Within 
7 to 10 days, respirometer tests revealed a rise of about +30 per cent in 
the basal metabolic rate. By such time, these animals exhibited only 
minor weight loss and differed very little in general behavior from the rats 
on the regular control diet. Tissue samples were taken for studies in vitro 
of oxygen consumption, anaerobic lactic acid production, and incorporation 
of radioactive phosphorus into organic phosphate esters. Diaphragm, liver 
slices, and salivary gland slices from control and hyperthyroid animals were 
studied at rest and during stimulation in a Krebs-Ringer phosphate medium 
containing 100 mg. per cent of glucose. The diaphragms were stimulated 
by intermittent electric impulses led into the respirometer vessel by plati- 
num-tipped wires carried through the side arm, the liver slices by addition 
of acetate or pyruvate (2 K 10-? M), and the salivary gland slices by acety]- 
choline (2 X 10-* m plus eserine, 1:250,000). The studies were made in 


* Postdoctorate Fellow, National Institutes of Health, United States Public 
Health Service. Present address, Department of Metabolic and Endocrine Research, 
Medical Research Institute, Michael Reese Hospital, Chicago, Lllinois. 
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the presence and absence of sodium azide (2 K 10-7? Mm). Lactic acid pro- 
duction in anaerobic studies was measured by the method of Barker and 
Summerson (3). Acid-soluble phosphate was separated from the tissue 


TABLE | 
Effect of Azide on Oxygen Consumption 


The Warburg vessels contained 3.0 cc. of Krebs-Ringer phosphate buffer (5) with 
100 mg. per cent of glucose. Sodium azide solution in buffer was added from the 
side arm at zero time to yield a final concentration of 2 X 10-?m. The diaphragms 
were stimulated by electrical impulses led in through wires sealed into the side arm 
plug. Acetylcholine (2 K 10° mM with eserine, 1:250,000) was added to the salivary 
gland slices and pyruvate or acetate (2 X 10°? M) to the liver slices for appropriate 
stimulation tests. The center cups contained 0.2 cc. of 40 per cent KOH with a roll 
of filter paper. Approximately 100 mg. of tissue were placed in each vessel. Incu- 
bated at 37° for 2 hours with oxygen in the gas space. The tissue was dried and 
weighed. 


issue ondition | animals | consumpt ion | ie ied 
| | c.mm. per mg. per hr. 
Diaphragm Control 9.42 + 0.89* 

r + azide | 8 9.24 + 0.51 | —?2 
| Stimulated | 8 | -12.8241.26 | +36 
| +eside | 6 | S041-8 | +5 
Hyperthyroid | 741.48 +46 
| a5 + azide | 8) | 9.28 + 1.35 —2 

Salivary gland | Control ae | 8.73 + 1.07 0 
slices | + azide 8.924 1.39 +2 

| Stimulated pee 13.10 + 1.27 +50 

| ei + azide ee 9.40 + 0.56 +8 

| Hyperthyroid | 10 | 12.39 + 1.53 +42 

| 5: +azide | 9 | 9.90 + 1.08 +13 

Liver slices Control 9.93 + 1.95 0 
10.77 £0.94 | +8 

Pyruvate | 5 13.20 + 2.21 +33 

| + azide 5 10.36 + 2.29 +4 

Acetate 6 13.78 + 1.75 | 39 

5 9.934203 | 0 

_ Hyperthyroid | 9 15.59+3.12 | +857 

| + azide 7 10.43 42.81 | +5 


*+ standard deviation. 


samples by extraction with ice-cold 10 per cent trichloroacetic acid, and 
the inorganic phosphate was removed from the filtered trichloroacetic 
acid extract by the method of Fiske and Subbarow (4). Phosphate was 
determined in the zn vitro medium and in the extracted ester phosphate 
fraction by modifications of the method of Fiske and Subbarow (5). Ap- 
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proximately 25 uc. of P* in the form of phosphate were added per 100 cc. 
of in vitro medium. Radioactivity was measured in the medium and in 
the phosphate fractions by direct counting of diluted aliquots dried on 
copper planchets. 


Results 


Effects on Oxygen Consumption-—The tissues taken from animals pre- 
treated with thyroid displayed an increased uptake of oxygen compared 
with those from control rats, and, as indicated in Table I, the addition of 


TABLE II 
Effect of Azide on Anaerobic Glycolysis 


Approximately 100 gm. of tissue were placed in 25 cc. flasks containing 5 cc. of 
Krebs-Ringer bicarbonate buffer (5) with 100 mg. per cent of glucose. Sodium azide 
was added in appropriate flasks to make a concentration of 2 X 10-3 m. Incubated 
at 37° for 2 hours with nitrogen in the gas space. The vessels were then chilled, 
the tissue removed for weighing and drying, and the medium assayed for lactic acid. 


‘ Per cent 
No. of Anaerobic glycolysis, y | 
Tissue | Condition animals lactic acid per mg. per hr. 


| ange 
from control 


Diaphragm Control 


6 24.3 4+ 2.4* 
“+ azide 5 28.8 + 5.4 +18 
Hyperthyroid 7 35.3 + 2.5 +45 
es + azide 5 26.1 + 3.3 +7 
Salivary gland Control 6 29.4 + 2.7 0 
slices ‘+ azide 3 26.5 + 3.0 —10 
Hyperthyroid 7 38.9 + 3.0 +32 
Bs + azide 6 25.8 + 3.4 / —12 


* 4 standard deviation. 


sodium azide resulted in a reduction to the levels exhibited by resting tis- 
sues from control animals. Oxygen consumption of tissues from normal 
animals was unaffected by this concentration of inhibitor. The respiration 
of normal tissues, when stimulated to the same degree of increased oxygen 
uptake as found in “hyperthyroid” tissues, became sensitive to the in- 
hibitor, but again displayed a reduction only to the resting control level. 
It would appear then that pretreatment of the animal with thyroid, electri- 
cal stimulation of isolated diaphragm, exposure of salivary gland slices to 
acetylcholine, or addition of pyruvate or acetate to liver slices all result in 
a stimulated respiration of the isolated tissue which is azide-sensitive, while 
a basal or resting normal level of oxygen consumption persists which is 
azide-resistant. 

Effects on Anaerobic Glycolysis—-When similar tissues were examined for 
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lactic acid production in the absence of oxygen (nitrogen atmosphere), a 
parallel result was obtained. Pretreatment with thyroid resulted in an 
increase in glycolysis comparable to that seen for oxygen uptake. 10-* mM 
sodium azide had no marked effect on lactic acid production of normal 
tissues, but reduced the increased production by “hyperthyroid”’ tissues to 
the normal levels (Table IT). 

Effects on Incorporation of Inorganic Phosphorus—The isolated slices, 
when incubated aerobically in a medium containing inorganic radioactive 
phosphorus, incorporated the P® into the acid-soluble phosphate fraction 


TaBLeE III 
Effect of Azide on P® Incorporation into Organic Phosphate Esters 
The conditions were the same as for Table II but oxygen was used in the gas 
space. P*? was added to each flask to the amount of 25 we. per 100 cc. of medium. 
After incubation for 2 hours at 37°, the vessels were chilled and tissue and medium 
separated for extraction of phosphate fractions. 


P 
Tissue Condition Nock | activity | change from 
Diaphragm Control | 6 11.3 + 2.3f 

“ +4 azide | 6 4.9+41.1 —57 
Hyperthyroid 6 20.5 + 4.7 +81 
e + azide 5 5.7 + 1.6 —49 
Salivary gland Control 6 12.4 + 1.6 0 
slices “+ azide 5 5.5 + 1.0 — 56 
Hyperthyroid 5 22.44 3.4 +80 
| + azide 5 §.741.1 — 56 


Specific activity of ester P 
Specific activity of medium P - 


* 


t = + standard deviation. 

of the tissue. Pretreatment with thyroid resulted in a marked increase in 
P® uptake, and both diaphragm and salivary gland slices from such ani- 
mals were some 80 per cent more active in this respect than tissues from 
non-treated controls. However, unlike its effect upon respiration and 
glycolysis, sodium azide markedly inhibited this incorporation of P* in all 
tissues. A similar marked reduction of P® uptake by the tissues in the 
presence of the inhibitor was exhibited in all states of rest or stimulation 
(Table ITI). 


DISCUSSION 


It is clear, from these data, that tissues from a thyroid-treated animal 
not only exhibit an increased oxygen consumption but an increase in 
anaerobic metabolism of similar magnitude. This is consistent with the 
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previous reports of a marked effect of hyperthyroidism on glycolysis, which 
are discussed in a recent review by Barker (6). The fact that the increased 
metabolic rate persists in a nitrogen atmosphere suggests, of course, that 
the characteristic action of thyroid on oxygen uptake is a secondary effect 
of the hormone. The possibility arises that thyroid affects the metabolic 
machinery at some point which is common to the enzyme systems of both 
glycolysis and oxidative metabolism. 

Energy phosphorylations might satisfy the requirement of such a com- 
mon point of influence in metabolism. There is an increasing body of 
evidence which suggests that enzyme systems that dissimilate foodstuff sub- 
strates and produce high energy bond phosphate groups (~P) can, in turn, 
be controlled by available inorganic phosphate, on the one hand, and avail- 
able acceptors for such ~P, on the other (7-10). These authors indicate 
that such factors may constitute important controlling conditions in vivo. 
By affecting, in some manner, the rate of utilization or degradation of high 
energy bond phosphate compounds, thyroxine could stimulate both aerobic 
and anaerobic metabolism, as observed, by making available the necessary 
inorganic phosphate and ~P acceptors at a faster rate. A faster rate of 
turnover of the acid-soluble phosphate fraction was observed with radio- 
active phosphorus in tissues of the thyroid-treated rats. This fraction in- 
cludes the compounds involved in the cyclic building of inorganic phosphate 
into ~P groups and subsequent degradation into inorganic phosphate once 
more (11, 12). This increased turnover with thyroid has been shown to 
occur in the intact animal (11) and, in the present experiments, in intact 
slices. Isolated mitochondria, however, failed to show a significant in- 
crease in P® turnover in preparations from thyroxine-treated animals (13). 
Such preparations of mitochondria are poor in adenosinetriphosphatase 
activity (7, 14, 15). It is significant that the effect of thyroxine on P” 
turnover, so striking in intact organized tissue, is virtually absent in prepa- 
rations that are deprived (among other things) of this step for the de- 
gradation of a major ~P compound. 

Sodium azide markedly inhibited the cyclic turnover of phosphate. In 
addition to interference with phosphorylation (16, 17), azide has been 
shown to inhibit markedly adenosinetriphosphatase (18,19). By whatever 
precise manner azide blocks this cyclic turnover of energy phosphorylations, 
it effectively interrupts the increased metabolic activity of tissues stimu- 
lated by thyroid, contraction, secretion, or disposal of excess substrate. 
The lower rates of activity at basal resting states, however, continue despite 
the inhibitor, and are presumably compatible with the persisting minimal 
rates of phosphorus turnover. 

It would appear, then, that stimulation of the metabolic rate of tissues 
with both thyroid hormone and various “work demands” share in common 
the necessity for free turnover of energy phosphorylations for the expression 
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of such stimulation. These considerations apply equally well to the aerobic 
and the anaerobic enzyme machinery. 


SUMMARY 


1. Isolated tissues of thyroid-treated animals were compared with tis- 
sues of control animals stimulated to contract, or secrete, or dispose of 
excess substrate. 

2. Thyroid administration to intact rats stimulated both oxygen con- 
sumption and anaerobic glycolysis to a similar degree, as measured in 
isolated tissues. 

3. Sodium azide effectively reduced the increased respiration stimulated 
either by thyroid or by various ‘‘work demands”’ to the basal resting level. 
Control resting levels of oxygen consumption or anaerobic glycolysis were 
unaffected by the inhibitor. 

4. P® turnover was markedly inhibited by sodium azide under all con- 
ditions, whether or not an effect on respiration was exhibited. 

5. These results are interpreted as indicating a primary involvement of 
thyroid hormone in the regulation of energy phosphorylations, the effects 
on respiratory rates being secondary expressions of such an action. 


Grateful acknowledgment is made to Dr. E. B. Astwood for his generous 
support and advice in the performance of this study. 
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FURTHER DISTRIBUTION STUDIES ON THE OXYTOCIC HOR- 
MONE OF THE POSTERIOR LOBE OF THE PITUITARY 
GLAND AND THE PREPARATION OF AN ACTIVE 
CRYSTALLINE FLAVIANATE* 


By JOHN G. PIERCE, SAMUEL GORDON,}{ ann VINCENT vu VIGNEAUD 


(From the Department of Biochemistry, Cornell University Medical College, 
New York, New York) 


(Received for publication, July 7, 1952) 


Several years ago high potency preparations of the oxytocic principle of 
the posterior lobe of the pituitary gland were obtained in this laboratory 
by the technique of counter-current distribution (1). Close agreement be- 
tween the experimental distribution curve of the purified material and the 
theoretical curve was obtained. This result together with quantitative 
studies of the amino acid composition of the high potency amorphous mate- 
rial (2, 3) has led to the postulation that oxytocin is a polypeptide composed 
. of leucine, isoleucine, tyrosine, proline, glutamic acid, aspartic acid, glycine, 
cystine, and ammonia (4). The amino acids were found to be in equimolar 
ratio to each other; the molar ratio of ammonia to any one of the amino 
acids was 3:1. 

In our more recent work, assays on the purified material against a stand- 
ard powder have given a lower number of units per mg. In earlier assays 
we obtained an apparent potency in the neighborhood of 800 units per 
mg. Since those earlier studies we have usually obtained a value nearer 
500 units per mg., although occasional assays have been higher. These 
preparations, however, have had an amino acid composition and partition 
coefficient in complete agreement with that which we have previously re- 
ported. More recently we have been following in crucial assays the cri- 
teria set forth in the United States Pharmacopeia (5).' Although the 
differences in the ascribed potency may be due to assay difficulties, there 
is also the possibility that the oxytocin preparations may consist of more 
than one substance with such similar partition coefficients that they could 
not be separated in the solvent system employed or by the number of 


* The authors wish to express their appreciation to the Lederle Laboratories Divi- 
sion, American Cyanamid Company, for a research grant which has aided greatly in 
this investigation. 

+t During part of the time this investigation was in progress, Mr. Gordon held a 
Public Health Service Research Fellowship of the National Cancer Institute. 

! The Coon chicken blood pressure method (6) became the official method of the 
United States Pharmacopeia with the publication of the 14th revision in the fall 
of 1950. 
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transfers applied. In the latter case, different preparations could contain 
varying amounts of structurally similar components, some inactive or pos- 
sessing less specific activity than others. 

The extension of the technique of counter-current distribution to large 
numbers of transfers, facilitated by the development of a glass apparatus 
by Craig (7) and Craig and Post (8), has proved successful in the separa- 
tion of mixtures of closely related peptides such as crystalline gramicidin, 
which was resolved by Craig, Gregory, and Barry (9) into at least three 
components with different amino acid compositions. The present paper 
reports the results of our efforts to fractionate our oxytocin preparations 
further and to see whether material with a potency above 500 units per 
mg. could be obtained by the use of counter-current distribution with 
large numbers of transfers. Material purified by earlier procetures (1, 3), 
except that 200 transfers were applied in the final step, has been subjected 
to 1000 transfers. No appreciable fractionation of the active material has 
been detected either by studies of amino acid composition or by examina- 
tion of the distribution curve. The material had an activity of 470 to 490 
U.S. P. units per mg. 

A distribution of material of 450 to 500 units per mg. in a solvent system 
of dilute ammonia-sec-buty! alcohol (1) did not lead to more active mate- 
rial or to a change in amino acid composition. The partition coefficient 
(K) of the activity in the ammonia system is marke lly different from that 
in the dilute acetic acid-sec-butyl alcohol system employed for the LOOO 
transfer distribution. 

Oxytocin preparations of 450 to 500 U.S. P. units per mg. have now been 
obtained in crystalline form as the flavianic acid salt; based on their oxy- 
tocin content, these crystalline preparations possess the same potency and 
amino acid composition as the amorphous material. 

Preparations of hog oxytocin have been obtained and this material has 
been found to have, within experimental error, the same distribution con- 
stant, biological activity, amino acid composition, and crystalline flavianic 
acid salt as beef oxytocin preparations. 


EXPERIMENTAL 


Methods—The distributions were performed in a 110 tube glass appara- 
tus. The distribution curves were usually constructed from the dry 
weights of the contents of the lower phases of individual tubes plotted 
against tube number. In most cases, weights were determined by a semi- 
micromethod similar to that described by Craig ef al. (10). In some ex- 
periments data from the absorption at 275 my or from the color given by 
the quantitative ninhydrin reaction of Moore and Stein (11) were used to 
plot distribution curves. 

The assays were performed by measuring the drop in blood pressure of 
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the chicken, as described by Coon (6) (see foot-note 1). Except for the dis- 
tribution experiments involving the ammonia system, the procedure of 
assay outlined in the Pharmacopeia was employed. The standard error 
(s.e.) of the assays performed in accordance with this method is given in 
parentheses following each assay. In the United States Pharmacopeia an 
assay to be official must have a standard error not greater than 6 per cent 
of the potency determined. When our assays are designated U. 8. P. 
without the actual standard error, as in the introduction and discussion, 
this criterion has been met. 

Assay values of lyophilized material are not corrected for moisture con- 
tent, which is approximately 5 per cent. 

The amino acid composition of various samples was determined by the 
starch column method of Moore and Stein (12) as previously described (2). 

Distribution of Purified Oxytocin Preparation in System 0.01 um Ammonium 
Hydroxide-sec-Butyl Alcohol—The starting material was posterior pituitary 
powder, U. S. P. (Lilly).2. Material of approximately 250 units per mg. 
(1, 3) was distributed through 200 transfers in the glass apparatus with the 
system 0.05 per cent acetic acid-sec-butyl alcohol. A curve of the active 
material obtained by the ninhydrin method showed fair agreement with 
the theoretical, with a shoulder on the leading edge of the curve. Assay 
of the peak tubes showed a value of about 500 units per mg. Several other 
distributions on material from U.S. P. posterior pituitary powder gave 
similar results. 

195 mg. of material from the 200 transfer distribution were then distrib- 
uted at room temperature through 110 transfers in the ammonia system. 
One main peak and a small peak of essentially inactive material resulted 
from the distribution, as shown in Fig. 1, A; the activity was 400 to 500 
units per mg. 101 mg. of material were recovered from the main peak. 
The amino acid composition of this material is given in Table I (Column 1) 
and is the same as that of material prepared by distribution in the 0.05 
per cent acetic acid solvent system. A 200 transfer redistribution of 85 
mg. of the above peak material in the 0.05 per cent acetic acid system gave 
the curve shown in Fig. 1, B. Approximately 60 mg. were recovered in 
the main peak. Assays, after lyophilization, showed an activity of about 
500 units per mg. The amino acid composition is given in Table I (Column 
2). 

1000 Transfer Distribution of Purified Oxytocin Preparation in System 0.05 
Per Cent Acetic Acid-sec-Butyl Alcohol—The starting material was desic- 
cated beef posterior pituitary lobes,’ and material for distribution was 
prepared as previously described (3). Peroxide-free ether and sec-butyl 


? The authors are indebted to Eli Lilly and Company, who generously made us a 
gift of some of this material. 
3 We are indebted to Parke, Davis and Company for a gift of this material. 
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alcohol were used throughout the preparation and distribution. The sec- 
butyl alcohol* was purified as described by Newton and Abraham (13), 
except that the distillation was not carried out in an atmosphere of hydro- 
gen. However, a peroxide-free product was obtained. The water and 
acetic acid for the distribution system were redistilled in glass. The mate- 
rial was first purified by a 200 transfer distribution, which gave a curve 
almost identical with that in Fig. 2. The skewed curve could be due either 
to other components, to a change in the partition coefficient with changing 
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Fic. 1. A, 110 transfer distribution of a purified oxytocin preparation in the sys- 
tem 0.01 Mm ammonium hydroxide-sec-butyl alcohol; O, weight in mg.; @, theoretical 
values; A, total units in tube plotted on a scale adjusted to the weight scale. B, 
200 transfer redistribution of material from the peak in Fig. 1, A. System, 0.05 per 
cent acetic acid-sec-butyl alcohol; O, optical density of 2 ml. of lower phase diluted 
with 1 ml. of 0.05 per cent acetic acid; @, theoretical values; A, total units in tube 
plotted on a scale adjusted to the optical density scale. 


concentration, or to the fact that equilibrium was not attained after each 
transfer (14). The material then assayed 440 (s.e. 17) units per mg. The 
contents of Tubes 41 through 72 were concentrated in a rotary evaporator 
(15) and lyophilized. A 1000 transfer distribution was performed on 354 
mg. of this material as follows: The material was distributed for 200 trans- 
fers in the 110 tube machine. Fig. 2 shows the distribution curve at this 
stage. The contents of all except Tubes 20 through 75 were removed and 


* Columbia Organic Chemicals Company, Inc., Columbia, South Carolina. 

5 About 30 to 40 mg. of an essentially inactive product (3 units per mg.) came out 
of the machine with the upper phase during the last 90 transfers. It was shown by 
paper chromatography to contain a small amount of the amino acids found in the 
active material. The material, which was not further investigated, probably results 
from a small amount of decomposition from the previous distribution. 
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fresh solvent was added. The material was then recycled, as described by 
Craig et al. (16), manually through 210 tubes for 800 additional transfers. 
A second machine (100 tubes) was used in conjunction with the 110 tube 
machine. The distribution curve obtained is given in Fig. 3 and shows 
that no further fractionation occurred with the exception of the separation 
from the main peak of a small amount of inactive material with a high 


TABLE I 
Amino Acid Analyses of Oxytocin Preparations* 


| Molar ratios between constituents of 


| Material from | 


from rom 
Constituent gistibuted’ | digtriution | | | 
system _ distribution | 
| | 
Leucinet.-.......... 1.00 | 1.00 | 1.00 | 1.00 1.00 
Isoleucinet.......... 1.00 | 1.00 | 1.00 | 1.00 1.00 
Tyrosine............. | 0.86 | O88 | 0.87 | 0.89 0.92 
Glutamic acid........ ae 1.05 1.05 | 1.04 1.09 
Aspartic “ ........| 1.18 1.06 0.95 1.10 1.05 
Ammonia............ | 3.41 3.08 3.23 | 3.35§ 3.07 
0.95 0.93 0.95 | 1.05 0.72 


* The solvent system used for the chromatograms was 1:2:1 n-butyl alcohol-n- 
propyl alcohol-0.1 Nn HCl, followed by 2:1 n-propyl alcohol-0.5 n HCl (12). 

t This material was further investigated by use of the solvent systems of Moore 
and Stein (12) which resolve leucine and isoleucine and glutamic acid and alanine, 
respectively. The results confirmed the amino acid composition given above. 

t Leucine and isoleucine arbitrarily chosen as 1.00. 

§ These values were determined on a duplicate sample because of temporary 
failure of the fraction collector to operate. 


absorption at 275 mu. Owing to loss of upper phase by evaporation and 
transfer from one machine to the other, the apparent A is 0.31. Direct 
determinations of K on each side of the peak gave values of 0.39 + 0.02. 
The activity of the material was 470 to 490 U.S. P. units per mg. The 
amino acid composition is given in Table I (Column 3). 

A summary of the activity of the material at various steps in the experi- 
ment is given in Table II. These data demonstrate that no appreciable 
inactivation occurred, about 90 per cent of the starting activity and 76 per 
cent of the starting weight being recovered in the main peak after 1000 
transfers. 
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Crystalline Flavianates from High Potency Oxytocin Preparations—F or sev- f 
eral years attempts have been made in this laboratory to crystallize purified t 
oxytocin preparations by a variety of methods. Indications of crystallinity ( 


were first obtained in an experiment in which a solution of oxytocin and 
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Fig. 2. Distribution curve given by beef oxytocin preparation after 200 transfers. 
Aliquots of lower phase removed to obtain curves. O, weight in mg.; §, optical 
density of 2 ml. of lower phase diluted with 1 ml. of 0.05 per cent acetic acid; @, theo- 
retical values. 
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Fig. 3. 1000 transfer distribution of beef oxytocin preparation; O, weight in mg.; 
@, optical density of 2 ml. of lower phase diluted with 1 ml. of 0.05 per cent ace- 
tic acid; @, theoretical values. Starting material placed in the first six tubes of 
counter-current distribution apparatus. 
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flavianic acid was allowed to evaporate slowly in a desiccator. 
this observation, crystalline flavianates were prepared and conditions were 
determined which have allowed the ready crystallization of the material. 


TABLE II 
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Following 


Activities of Various Fractions during 1000 Transfer Distribution Experiment 


Steps in procedure 


Weight | Total units of activity 


Units per mg. 


Starting material, desic- 
cated posterior pitui- 
tary lobes 

Material for first 200 
transfer distribution 


Combined peak from 200 
transfer distribution 
Lower phase contents of 
Tube 59 (1st 200 trans- 

fer distribution) 

Combined peak from 200 
transfer distribution 
concentrated and lyo- 
philized; starting ma- 
terial for 1000 transfer 
distribution 

Lower phase contents of 
Tube 61 after 200 trans- 
fers 

Combined peak after 1000 
transfers 

Lower phase contents of 
Tube 43 after 1000 
transfers 

Material after concen- 
tration and lyophiliza- 
tion 


gm. 


960 


12.6 


267 


2.8 


267 


| 1,000 ,000 
196 ,000 (s.e. 


164,000 ( 


7010 (¢ 
133,000 ‘ 
146,000 ( 

5, 400t 


130,000 ‘ 


1320 


6300) 


6200) * 


270) 


4200) 
2600) 


1950) * 


42) 


1.0 (Approximate) 


440 (s.e. 


450 ( 


380 ( 


410 ( 


430 


490 ( 


470 ( 


470 ( 


17) 


17) 


12) 
8) 


7) 


15) 


46) 


* Assays on the combined peak are calculated from an assay of the lower phase, 


K, and the volume of the upper phase. 
t Average of thirteen individual injections. 


In early experiments spontaneous crystallization proceeded slowly (3 weeks 


to 2 months). 
possible in a few days. 


ditions for crystallization found to date. 


The availability of seed crystals has made crystallization 


The following experiment illustrates the best con- 


50 mg. of oxytocic material from 


the 1000 transfer distribution were dissolved in 2.5 ml. of water (redistilled 
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in glass) and 1.5 ml. of a 5 per cent flavianic acid solution were added.*:? 
After the solution had remained clear in the ice box for a day, it was seeded. 
Crystallization then ensued and appeared to be complete in 3 or 4 days.’ 

The solution was filtered with moderate suction in the cold room (4°), 
and the crystals were washed twice with cold 0.25 per cent flavianic acid 
solution and three times with cold water. The crystals were dried by 
placing the circle of filter paper with the mat of crystals in a tube, freezing, 
and lyophilizing. 29 mg. of crystals were obtained. 

The material crystallizes in extremely fine silky needles which tend to 
bunch together to form compact masses. The needles are doubly refract- 
ing under the polarizing microscope, and this property is strikingly notice- 
able in the packed bunches. A characteristic sample of crystals from this 
beef preparation is shown in Fig. 4. Probably due to the tendency of the 
material to pack together is the fact that it has so far been difficult except 
by lyophilization of the filtered crystals to obtain dry samples which retain 
their characteristic form. Samples of crystals which were either air-dried 
or dried in vacuo resembled irregular fragments of a glass. The dry mate- 
rial was, however, still anisotropic. The lyophilized crystals melted slowly 
between 190—200° on a micro melting point apparatus. 

Determination of Flavianate Content of Crystals—The following method 
was used to determine the flavianic acid content of the crystals in order to 
relate their potency to their oxytocin content. A standard curve of con- 
centration plotted against optical density at 430 mu was made for solutions 
of flavianic acid in 6 N hydrochloric acid. Measurements were made on a 
Coleman Junior spectrophotometer with the solutions in 3 ml. cuvettes. 
A known weight of dry crystals was dissolved in a known volume of 6 N 
hydrochloric acid and the optical density was recorded. The mg. of flavi- 
anic acid per ml. of solution were obtained from the standard curve. A 
control sample of flavianic acid was run with each determination to correct 
values for any possible displacement from the standard curve. Unknowns 
were diluted to approximately the same optical density reading as the 
control. The experimental error in the method was about 5 per cent. 
Readings made on a solution of a known amount of flavianic acid to which 


6 A purified sample of flavianic acid was kindly supplied by Dr. William H. Stein 
and Dr. Stanford Moore. 

7 In other experiments the addition of a few drops of redistilled acetone was neces- 
sary to dissolve completely a small amount of precipitate which initially appeared. 
The clear solution in a small uncovered beaker was placed in the ice box and the 
acetone was allowed to evaporate before seeding. In some cases after 1 or 2 days a 
film of amorphous material had been deposited. If so, the clear solution was re- 
moved with a dropping pipette and placed in a clean vessel. 

§ The first crystallizations occurred with material that had been passed through 
the ion exchange resin Amberlite IR-4B. It was later found that this step was un- 
necessary. 
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oxytocin had been added showed that the oxytocin had no effect on the 
optical density at 480 mu. On several occasions the oxytocin content of a 
crystalline preparation was calculated from a quantitative amino acid de- 
termination. Agreement within about 5 per cent of the colorimetric deter- 
mination was always obtained. Values of 29.5 and 31.7 per cent were 
obtained for the flavianate content of the crystalline preparation described 
in the preceding section. 

Effect of Flavianic Acid on Assay of Oxytocin—Two experiments were 
performed to determine the effect on the assay of the presence of flavianic 


Fic. 4. Crystalline flavianate of a purified beef oxytocin preparation distributed 
through 1000 transfers. Magnification 100 X. 


acid. In one experiment, a solution containing 0.13 mg. of oxytocin and 
0.5 mg. of flavianic acid was assayed after suitable dilution; this solution 
had relative concentrations of oxytocin and flavianic acid approximating 
those found in solutions of crystals that were assayed. In the second 
experiment, the amounts of flavianic acid were varied from 0.9 mg. to 0.1 
mg. in solutions containing 0.11 mg. of oxytocin. Noeffect of the flavianic 
acid could be demonstrated in series of alternate injections of the oxytocin 
plus acid solution and of the controls with no acid added. } 
Activity of Crystalline Oxytocin Flavianate Preparations—Three U.S. P. 
type assays were performed on samples of the dry crystals after solution of 
the crystals in 0.05 per cent acetic acid. The moisture and flavianic acid 
content were determined on duplicate samples. Based on the oxytocin 
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content of the crystals, values of 480 (s.e. 33), 520 (s.e. 26), and 440 (s.e. 33) 
units per mg. of material were obtained. 

A preparation of crystals from 20.6 mg. of the material from the 1000 
transfer distribution was recrystallized by redissolving the washed crystals 
in 0.9 ml. of water and a few drops of acetone. 0.1 ml. of 5 per cent 
flavianic acid solution was added. Crystallization proceeded slowly until 
an additional 0.2 ml. of the flavianic acid solution was added. Following 
the two crystallizations, the yield was 7 mg. of crystals. Within experi- 
mental error, the recrystallized material possessed the same activity based 
on the oxytocin content as the amorphous starting material. 80 per cent 
of the starting activity was recovered in the crystals and mother liquors. 
Another preparation was made from purified material from U. 8. P. poste- 
rior pituitary powder. After distribution this material was passed through 
a column of Amberlite [R-4B to remove anions before crystallization. The 
first attempt to crystallize did not succeed and the flavianic acid was re- 
moved by another passage through Amberlite IR-4B. The experiment 
was later repeated under conditions similar to those described, and crystal- 
lization occurred after seeding. After the solution was filtered, the crystals 
were washed and the free base was regenerated by means of the resin. 
The crystallization and the regeneration of the free base were repeated 
and a third crystallization was carried out. The potency of the starting 
material did not change within experimental error during the successive 
erystallizations. 

Other batches of crystalline material with similar potency have been 
prepared. 

Amino Acid Composition of Crystalline Flavianate Preparations--When 
the amino acid composition of the crystalline material was determined on 
hydrolysates of the flavianate, the same molar ratios were obtained as for 
the amorphous material, except that tyrosine and cystine values were low. 
This is due presumably to destruction during hydrolysis in the presence of 
the flavianic acid, and it was noted that in two instances when a relatively 
large amount of flavianic acid was present almost complete loss of the two 
amino acids occurred. The amino acid analysis of the recrystallized mate- 
rial from the 1000 transfer distribution following regeneration of the free 
base and its hydrolysis is given in Table I (Column 4). 

Hog Oxytocin—A number of preparations of oxytocin from hog pituitaries 
have been made both by the method described (3) or with slight modifica- 
tions.’ Distribution curves identical with those given by the bovine mate- 
rial have been obtained. The purified material has a potency in the range 
450 to 500 units per mg., with little loss of activity during the distributions. 
An experiment in which the steps of the preparation and the distribution 


® Gordon, S., and du Vigneaud, V., unpublished data. 
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were carried out in the presence of Versene’® did not give any increase in 
potency. 

The amino acid composition of a purified sample" is given in Table I 
(Column 5). A preparation of hog oxytocin crystallized as the flavianate 
under the same conditions and with the same crystalline form as the beef 
material. The activity of this sample, based on its oxytocin content, was 
approximately 450 units per mg. A sample of lyophilized crystals melted 
in the same range as the crystalline flavianate from the beef oxytocin. 


DISCUSSION 


The data demonstrate that no appreciable fractionation of oxytocic mate- 
rial purified by a 200 transfer distribution occurred either by distribution 
through 1000 transfers or by distribution in a solvent system in which the 
partition coefficient is markedly different from that found in the system 
used for the original preparation. In both distributions the biological 
activity traveled with the main peak. The amino acid composition of the 
active material remained constant within experimental error. The mate- 
rial was found to be relatively stable in the various distributions, although 
small amounts of inactive transformation products, probably arising during 
the concentration procedures, were detected. 

The skewed curve obtained after the first 200 transfers of the 1000 
transfer distribution disappeared during the completion of the 1000 trans- 
fers, thus indicating that it was due to a change of A with changing con- 
centration in the early stages of the distribution rather than to the presence 
of other components. The application of 1000 transfers has also permitted 
the complete separation from the active peak of the small amount of 
material with a high specific absorption at 275 my. Assays of the active 
material by the method of the United States Pharmacopeia gave values 
of 470 to 490 U.S. P. units per mg. and showed that little or no inactiva- 
tion occurred during the distribution process. 


The authors wish to express their appreciation to Dr. Donald B. Melville 
for his many helpful suggestions in connection with the crystallization 
experiments. The capable assistance of Mrs. Jacqueline Everett Parton, 
Miss Sachi Fujii, and Miss Naida Das is most gratefully acknowledged. 
The authors wish to thank Dr. Dorothy 8. Genghof and Mrs. Elizabeth 
C. Pierce for valuable help in connection with the bioassays. 


1 Versene Fe-3 and Versene Fe-3 specific, Bersworth Chemical Company, Fram- 
ingham, Massachusetts. 

11 This sample was from starting material consisting of a commercial concentrate 
kindly provided by the Research Division, Armour and Company. 
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SUMMARY 


In recent work oxytocin preparations with an activity of about 500 units 
per mg. have been obtained. The assay values are somewhat lower than 
those obtained previously in this laboratory. One of these preparations 
has been subjected to counter-current distribution in a 0.05 per cent acetic 
acid-sec-butyl alcohol system through 1000 transfers. The distribution 
curve of the active material agreed excellently with the theoretical curve 
for a single substance and the amino acid composition of the material re- 
mained unchanged. ‘The assay values obtained were 470 to 490 U.S. P. 
units per mg. of material. A distribution in a dilute ammonia-sec-buty] 
alcohol system gave similar results. 

A crystalline flavianate has been obtained from preparations having a 
potency of 450 to 500 U. S. P. units per mg. Based on their oxytocin 
content, the crystals possess the activity and amino acid composition of 
the amorphous material. The distribution data and crystallization afford 
strong additional evidence for the identity of the oxytocic principle of the 
posterior lobe of the pituitary gland with a peptide of the amino acid 
composition previously reported. 

Preparations of hog oxytocin have been obtained and found to have, 
within experimental error, the same biological activity and amino acid 
composition as those from beef oxytocin. A crystalline flavianate of the 
hog oxytocin has also been prepared. 
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Liver—continued: 
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glucose conversion to, in vivo, Cook 
and Lorber, 1 

Xanthine oxidase determination, West- 
erfeld and Richert, 393 


M 


Magnesium: -Pyrophosphate complex, 
actomyosin - adenosinetriphosphate 
reaction, relation, Spicer, 301 

Maltose: Carbon 14-labeled, prepara- 
tion, Fitting and Putman, 573 

— —, reducing glucose component, re- 
lation, Fitting and Putman, 573 
Phosphorolysis, Neisseria meningitidis 
enzyme preparations, maltose phos- 
phorolysis, effect, Fitting and Dou- 
doroff, 153 


Mannose: 1-C'4-, liver and muscle gly- 


cogen from, in vivo, Cook and Lorber, 

1 

Metal: Salts, amino acid racemization, 
catalytic, réle, Olivard, Metzler, and 
Snell, 669 
Methionine: Labeled, protein incorpora- 
tion, pituitary effect, Melchior and 
Halikis, 773 
Methylbutyrate: a-, isoleucine metabo- 
lism, relation, Coon, Abrahamsen, and 
Greene, 75 
Methylnicotinamide: N'!-, excretion, folic 
acid, leucovorin, and vitamin Bi: 
effect, Dietrich, Monson, and Elve- 
hjem, 765 
Mitochondrium : Heart, metabolism, oxi- 
dative, Plaut and Plaut, 141 
Mold: See also Aspergillus, Neurospora 
Muscle: Glycogen, 1-C'4-mannose and 
1-C'4-glucose conversion to, in vivo, 


Cook and Lorber, 1 
Pyruvic oxidase, Schweet and Cheslock, 
749 


See also Heart 
Mutilin: Pleuro-. See Pleuromutilin 
Myosin: Acto-. See Actomyosin 
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Neisseria meningitidis: Knzyme prep- 
arations, maltose phosphorolysis, 
effect, Fitting and Doudoroff, 153 
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Neurospora crassa: p-Aminobenzoic acid 
effect, Reid, Pritchett, and Cushing, 


443 

Nicotinamide: Dehydrogenases, tri- 
and diphosphopyridine nucleotide- 
linked, effect, Alivisatos and 
Denstedt, 493 
N'-Methyl-. See Methylnicotinamide 


Nucleic acid(s): Chloroquine, interac- 
tion, Parker and Irvin, 897 


Derivatives, antagonists, Hztchings, 
Falco, VanderWerff, Russell, and 
Elion, 43 


Tritium-labeled, hydrolysis products, 
Eidinoff, Reilly, Knoll, and Marrian, 
511 
Nucleoprotein(s): Chloroquine, interac- 
tion, Parker and Irvin, 897 
Nucleotide: Diphosphopyridine. See 
Diphosphopyridine nucleotide 
Pyridine. See Pyridine nucleotide 
Triphosphopyridine. See Triphospho- 
pyridine nucleotide 
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Ornithine: Determination, photometric, 
Chinard, 91 
Ovalbumin: Synthesis, intermediates, 
Steinberg and Anfinsen, 25 
Oxidase: Choline. See Choline oxidase 
Pyruvic. See Pyruvic oxidase 
Xanthine. See Xanthine oxidase 
Oxytocic hormone: Pituitary, posterior, 
counter-current distribution studies, 
Pierce, Gordon, and du Vigneaud, 
929 
—, —, erystalline flavianate, prepara- 
tion, Pterce, Gordon, and du 
Vigneaud,, 929 


Pancreas: Aliesterases, Hofslee, 357 


Desoxyribonuclease, substrate nature, | 


relation, Zamm, Shapiro, and Char- 
gaff, 313 
Esterases, n-fatty acid esters, rela- 
tion, Hofstee, 365 
Pectin: Amylo-. See Amylopectin 
Pepsin: Amino group, terminal, W'//- 
liamson and Passmann, 121 
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Peptidase(s): Blood cell, red, Adams, 
Davis, and Smith, 845 
Carboxy-. See Carboxypeptidase 
Leucine amino-. See Leucine amino. 
peptidase 
Tri-. See Tripeptidase 
Peptide(s): Poly-. See Polypeptide 
Phenylalanine: Synthesis, glucose-1-C' 
utilization, Gilvargand Bloch, 
Phenyl sulfate: Synthesis, substrate ac- 
tivation, Bernstein and McGilvery, 
745 
Phlorhizin : Glutaric acid-1,5-C' metab- 
olism, effect, Rothstein and Miller, 
199 
Phosphatase: Glucose-6-. See Glucose- 
6-phosphatase 
Phosphate(s): Adenosinetri-. 
nosinetriphosphate 
Inorganic, blood serum, determina- 
tion, stannous chloride use, Horwitt, 
537 
Ribose-5-. See Ribose-5-phosphate 
Pituitary: Posterior, oxytocic hormone, 
counter-current distribution studies, 
Pierce, Gordon, and du Vigneaud, 
929 
—, — —, erystalline flavianate prep- 
aration, Pierce, Gordon, and du 
Vigneaud, 920 
Protein from labeled methionine, 
effect, Melchior and Halikis, 773 
See also Hypophysectomy 
Pleuromutilin: Chemistry, Anchel, 
133 
Polypeptide(s): Bacitracin, separation 
and characterization, Craig, Wei- 
siger, Hausmann, and Harfenist, 
250) 
See Allopregnane 
Proline: Determination, photometric, 
Chinard, 
Propionate: Formation, Coon, Abraham- 
sen, and Greene, 75 


See Ade- 


Pregnane: Allo-. 


_ Protein(s) : Blood serum, electrophoretic 
mobility, Lippman and Banovitz, 

451 

Labeled methionine incorporation, pi- 

tuitary, effect, Melchior and Halikis, 

773 


Nucleo-. See Nucleoprotein 
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Pseudomonas: Testosterone breakdown, 
Santer and Aji, 85 
Purine riboside : Derivatives, Lactobacil- 
lus casei utilization, Balis, Levin, 
Brown, Elion, VanderWerff, 
Hitchings, 227 
Pyridine nucleotide: Reduced, lactic de- 
hydrogenases and, compound, 
Chance and Neilands, 383 
Pyridoxal : Amino acid racemization, cat- 
aulytic, effect, Olivard, Metzler, and 


Snell, 669 

Pyrimidine: 2,4-Diamino-. See  Di- 
aminopyrimidine 

Metabolism, yeast, mechanism, Di 


Carlo, Schultz, and Kent, 333 
Pyrophosphate: Magnesium-, complex, 
actomyosin - adenosinetriphosphate 
reaction, relation, Spicer, 301 
Pyruvate: Carbon 14-carbonyl-labeled, 
heart metabolism, effect, Brin and 
Olson, 475 
Oxidation, coenzyme A and diphos- 


phopyridine nucleotide réle, Little- | 


field and Sanadi, 65 
—, Escherichia coli, a-lipoie acid con- 
jugate, chemical nature, Jeed and 


DeBusk, 881 
—,— —, — acid conjugate, réle, Reed | 
_ Testosterone: Breakdown by Pseudo- 


and DeBusk, 873 
Utilization, heart, Miller and Olson, 
457 

Pyruvic oxidase: Muscle, Schweet and 
Cheslock, 749 


Reductase: Diphosphopyridine nucleo- 
tide-cytochrome c, bacterial, Brodie, 


835 
— —, kinetics, Vernon, Mahler, and 
Sarkar, 599 


— — —, purification and properties, 
Mahler, Sarkar, Vernon, and Alberty, 

585 

Respiration : Tissue, determination, Kirk 


and Hansen, 675 
Ribonuclease: Desoxy-. See Desoxy- 
ribonuclease 
Ribose-5-phosphate: Purification, ion 


exchange, Groth, Mueller, and Le- 
Page, 


389 


and 
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Riboside: Purine. See Purine riboside 


Ricinine: O-Methyl and N-methyl 
groups, origin, Dubeck and Kirkwood, 
307 
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Salt(s): Metal. See Metal salt 

Silk: Fibroin, amino acid residues, Levy 
and Slobodian, 563 

Sodium azide: Thyroid-fed animals, tis- 
sues, effect in vitro, Goldstein, 9233 

Sodium propionate: Streptococcus faeca- 
lis growth, effect, Hill, 329 

Soy bean: See Bean, soy 

Sphingolipide(s): Biochemistry, Carter 
and Greenwood, 283 


Steroid(s): Cy, chromatography, Kocha- 


kian and Stidworthy, 607 
Fluorescence reactions, Goldzieher, 
Bodenchuk, and Nolan, 621 


Streptococcus faecalis: Growth, sodium 
propionate effect, Hill, 329 
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Testis: Hyaluronidase, gentisic acid and 
related compounds, effect, Roseman 
and Dorfman, 345 


monas, Santer and Ajl, 85 
Thyroid: -Fed animals, tissues, sodium 
azide effect in vitro, Goldstein, 923 
Thyroxine: Antithyrotoxic substances 
and xanthine oxidase, relation, West- 


erfeld and Richert, 819 
Tissue: Respiration, determination, 
Kirk and Hansen, 675 


Transamination: Enzyme, mechanism, 
Nisonoff, Henry, and Barnes, 699 
Nisonoff and Barnes, 713 

Transfructosidation: Aspergillus oryzae 
enzyme, Pazur, 217 

Tripeptidase: Blood cell, red, Adams, 
Davis, and Smith, 845 

Triphosphopyridine nucleotide: -Linked 
dehydrogenases, nicotinamide effect, 
Alivisatos and Denstedt, 493 

Trypsin: Chymo-. See Chymotrypsin 

Tyrosine: Synthesis, glucose-1-C' utili- 
zation, Gilvarg and Bloch, 689 
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Valine: p-, growth, effect, White, Fones, 
and Sober, 505 

Virus: Reproduction, biochemistry, Sid- 
digi, Kozloff, Putnam, and Evans, 


165 
Putnam, Miller, Palm, and Evans, | 


177 
—, host cell relation, Siddiqi, Koz- 
loff, Putnam, and Evans, 165 


Vitamin(s): B,2, blood serum, deter- | 


mination, Rosenthal and Sarett, 
433 
—, N'-methylnicotinamide excretion, 


effect, Dietrich, Monson, and Elve- | 
hjem, 765 


| Vitamin(s)—continued: 
Lewis, Tappan, and Elvehjem, 
| 517 
| x 
Xanthine oxidase: Antithyrotoxic sub- 
| stances, relation, Westerfeld and % 
Richert, 819 | 
Intestine, determination, Westerfeld 
| and Richert, 393 
Liver, determination, Westerfeld and 
| Richert, 393 
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Yeast: Glucose-1-C'* utilization, Gilvarg, 
57 


Pyrimidine metabolism, mechanism, 
Di Carlo, Schultz, and Kent, 333 
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